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ABSTRACT
Calclithites are terrigenous clastic rocks in which carbonate 
rock fragments are predominant. The size of these carbonate rock 
fragments varies from silt up to large boulders which may be greater 
than 1 metre in diameter.
Apart from the work of Folk (1974) it would appear that little 
is known on the distribution and lithogenesis of calclithites. Even 
in the few references made to calclithites it does not seem to be 
appreciated, that calclithites are a special type of terrigenous 
clastic rock. For a rock to consist mainly of fragments of carbonate, 
which is very soft and slightly soluble in pure water, then the rate 
of erosion by mechanical weathering must be greater than the rate of 
chemical weathering. Based on this fact, Folk (1974) considers that 
calclithites will form mainly in areas of intense block-faulting or 
thrusting. However, he also considers that some calclithites may be 
the result of an arid climate. Bearing in mind these statements by 
Folk, it was decided to study the lithogenesis, diagnostic features, 
and areal distribution of calclithites.
This study was done in two parts. Firstly, a thorough review 
of the literature to record all the known information available on 
calclithites and secondly, a description of the calclithites currently 
forming in a tropical environment in the Rai Coast region of New Guinea. 
From these two ’separate’ studies, conclusions were drawn on a number 
of topics.
The literature review of calclithites revealed that the name 
’calclithite’ was used only very rarely in articles when describing 
a calclithite. The general term 'limestone conglomerate' was commonly 
used to describe rocks in which carbonate fragments were predominant.
However, not all ’limestone conglomerates’ are calclithites, and thus 
each particular article has to be read in some detail to determine 
whether the 'limestone conglomerate’ was a calclithite. The litera­
ture review revealed that calclithites are formed mainly in arid/ 
semi-arid and glacial/periglacial continental environments with only 
a very few examples recorded from marine and lacustrine environments. 
Nine categories of ’limestone conglomerates’, which wer2 not calcli­
thites, were also recognised and their characteristics recorded. 
Unfortunately, only a few articles which referred to calclithites 
described in any detail their features, e.g., the size and shape of 
the carbonate fragments or the matrix of the calclithite.
The study of the calclithites from the Rai Coast provided 
details of the features of those calclithites. In turn, the mode of 
formation of the calclithites could be determined from these parameters, 
and it was concluded that the two major factors which resulted in the 
formation of the calclithite were mechanical weathering and 'rapid 
transport’ by the river. Mechanical weathering of the limestone is 
necessary to ensure the supply of carbonate fragments for the calcli­
thite. If chemical weathering was dominant there would probably be 
insufficient quantities of limestone fragments eroded to form a 
calclithite. An efficient form of sediment transport is also necessary 
for the formation of the calclithite*’. If there was not a form of 
rapid transport, in this case, running water, the limestone fragments 
would be eroded before the calclithite could form.
From the literature review it was noted that calclithites were 
found mainly in arid/semi-arid and glacial/peri-glacial environments.
In these environments, mechanical weathering is dominant and there is 
an efficient form of sediment transport. Thus it would appear that 
calclithites only form in certain climates, which have particular 
physical parameters.
Two significant points can be deduced from this. Firstly,
calclithites appear to form only in climates where mechanical 
weathering is dominant and maximum values of sediment yield per 
unit area have been recorded. This suggests that calclithites 
themselves are fairly accurate indicators of maximum sediment 
yield. Secondly, the lithogenesis of calclithites appears to be 
controlled by climate. This is not in agreement with the theory 
of tectonic control of lithogenesis which maintains that tectonism 
(diastrophism) alone controls lithogenesis. However, from a study 
of the factors that have been shown to control sedimentation and 
from a thorough study of the lithogenesis of calclithites, it was 
finally concluded that climate and tectonism both controlled litho­
genesis , but it could not be determined if either of these two 
factors was dominant.
The only other major point to be concluded from this study is 
that calclithites from arid/semi-arid and glacial/periglacial regions 
should be studied in detail and their diagnostic features noted. These 
could then be compared to calclithites from tropical environments to 
determine if there are any differences between calclithites from these 
three climatic regions and whether these differences are significant.
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1.
CHAPTER 1
CALCLITHITES AND LIMESTONE CLASSIFICATION
1.1 Introduction
Terrigenous clastic rocks consist mainly of fragments that are’ 
derived from pre-existing rocks or minerals and are subsequently 
transported from their place of origin. Classification systems have 
been devised by such people as Crook (1960), McBride (1963), and Folk 
(1974) in which terrigenous clastic rocks are named according to (a) 
the size of the rock or mineral fragments and (b) the percentages of 
rock or mineral fragments present.
Folk (1959) coined the term ’calclithite' to describe a 
terrigenous clastic rock in which carbonate rock fragments are 
predominant.
The significance of calclithites is that calcium carbonate is 
slightly soluble in pure water and thus for a rock to be made largely 
of a constituent so soft and so soluble as limestone, the rate of 
erosion must have greatly overbalanced the rate of chemical decay.
Folk (1974) considers calclithites will form chiefly in areas of 
intense block-faulting or thrusting, but where the sedimentary cover 
is so thick or faulting is not of enough magnitude to get down to the 
granitic basement rock. Calclithites are common in many post-orogenic 
rocks. Folk (1974) also considers it is possible that some calclithites 
are the result of an arid climate, though these also require rather 
rapid erosion and deposition to preserve the fragments from much 
abrasion. Folk (1974) also notes that the source area of calclithites 
must have had rugged relief, and the deposits laid down in alluvial
fans and river channels.
2 .
Despite the fact that calclithites are terrigenous clastic rockss 
they are often mentioned in limestone classifications because of their 
superficial similarity to other more common carbonate rocks. However, 
it is important to recognise firstly, in what way calclithites are 
different from other superficially similar carbonate rocks and secondly, 
the significance of these differences.
1.2 Classification of Limestones
Almost all non-terrigenous limestone rocks contain more than one 
type of material; one may be a mixture of oolites, fossils, and sparry 
calcite cement while another may consist of quartz silt, carbonate 
pellets, and microcrystalline calcite ooze partially replaced by dolomite 
and chert.
Disregarding the terrigenous material, it is possible to base a 
practical limestone classification on the relative proportions of three 
end members (Folk 1959);
(a) Allochems
(b) Microcrystalline ooze
(c) Sparry calcite cement
Allochemical constituents (alios: differentiation from the normal) 
or allochems represent the framework of the rock: the shells, oolites,
carbonate pebbles or pellets that make up the bulk of most limestones, 
analogous to the quartz sand of a sandstone or the pebbles of a con­
glomerate. They form by chemical precipitation within the basin of 
deposition, but for the most part suffered some later transport.
Microcrystalline ooze represents a clay-size ’matrix’ whose 
presence signifies lack of vigorous reworking by currents, just as the 
presence of a clay mineral matrix in a sandstone can indicate poor
3 .
washing. Sparry calcite cement simply fills up pore spaces in the rock
yCJ C'S )
where microcrystalline ooze has been washed out, just as porous non- 
clayey sandstone frequently becomes cemented with chemical precipitates.
If the allochems average coarser than 1 mm, the rock is a 
calcirudite (or dolorudite); if they lie between .0625 and 1 mm, the 
rock is a calcarenite or dolarenite; if finer than .0625 mm, calcilutite 
or dololutite. In determining the grain size name, only the size of the 
allochems is considered; (percentage of crystal size of microcrystalline 
ooze or sparry calcite and grain size of terrigenous material is ignored)
Only one type of allochem is important in the present context, 
namely intraclasts. Intraclasts represent pieces of penecontemporan- 
eous, usually weakly consolidated carbonate sediment that have been 
torn up and redeposited by currents (hence the term intraclast, 
signifying that they have been broken from within the formation). 
Intraclasts vary from fine sand size up to pebble or boulder size, 
as in the familiar limestone conglomerates. Intraclasts themselves 
may consist of any kind of limestone, e.g. micrite, biomicrite, intra­
spar ite or pelsparite. They indicate a tearing-up of the bottom by 
an increase in current velocity (such as in storms), lowering of wave 
base by partial emergence, or possible tectonic instability of the 
basin of deposition. Rare intraclasts form by accretion, analogous 
to lumps in a sugar bowl, and are then transported. Of such nature 
are the ‘grapestone’ aggregates of fecal(?) pellets in the Bahamas.
They may also form in the wave-attacked margins of broad areas where 
ooze is being precipitated.
Carbonate rocks in which intraclasts are the predominant 
allochem are termed intrasparite and intramicrite or, more generally,
intraclastic limestones.
4.
1.3 Calclithites
Having discussed the classification of limestones, it is 
necessary to look at the definition of a calclithite and to attempt 
to distinguish between calclithites and superficially similar lime­
stones. Folk (1959) defined a calclithite as;
'...... a terrigenous rock whose silt-sand-gravel fraction
contains more than 50 percent carbonate rock fragments'.
Folk (1959) also noted that the grain size of calclithites range from 
siltstones (rare) through sandstones (fairly common) to conglomerates 
(most common). Thus, calclithites and intraclastic limestones have 
framework largely of carbonate rock fragments. In calclithites these 
fragments are terrigenous (derived from outside the basin of deposition) 
whereas in intraclastic limestones, these fragments are allochemical 
(derived from within the basin of deposition).
Wolf (1965) coined the term 'extraclast' to describe the carbonate 
fragments found in the calclithite. He defined extraclaszs as "Limestone 
rock fragments derived from an ancient source that is outside and 
unrelated to the depositional area to which it was transported. If 
a deposit consists of more than 50% extraclasts, it is a "calclithite" 
as defined by Folk (1959). Therefore, the name "extraclast" is 
synonymous with "calclithite fragment". Both are genetic terms."
To avoid any possible confusion, Wolf (1965) also coined the 
term 'limeclast' to include both intraclasts and extraclasts. Wolf 
(1965) considered that the genetic terms "intraclast" and "calclithite" 
can be misleading during the descriptive stages of carbonate rock 
investigations, and that the non-genetic name ’limeclast' Is less
5 .
ambiguous. Once petrographic and, petrogenetic information has been 
obtained from field-work and thin-section studies, the genetic names 
may be applied.
Chanda (1967) also used the term ’limeclast’ in his description 
of middle Cretaceous limestones of Central India. Chanda (1967) also 
used the terms "auto-limeclast" and "infralimeclasts" to distinguish 
between limeclasts derived from within the area of deposition and 
within the same formation (auto-limeclasts) and limeclasts derived 
from older limestone sources but within the basin of deposition 
(infra-limeclasts).
1.4 Calclithites and Intraclastic Limestones
Calclithites closely resemble intraclastic limestones, 
particularly calcirudites and calcarenites. Differentiating between 
the two types is often difficult, particularly if only a single hand 
specimen is available. However, Folk (in Wolf 1961) notes that 
distinguishing between an intraclastic limestone and a calclithite 
is easy if one notes the fossils contained in the clasts - If they 
are of different ages presumably the rock is a calclithite. Further, 
calclithites usually have associated angular, broken chert grains.
Beyond that, it is a matter of classical field geology and stratigraphy. 
Most calclithites have the thickness distribution and sedimentary 
structures of alluvial fans or fluvial sediments. Folk considers 
they should not be confused if one has several samples or outcrops 
to see, but it may not be so easy with a single specimen.
A more detailed consideration of the problem of distinguishing 
calclithites is recorded by Blount and Moore (1969) from a study of 
’carbonate breccias’ from the Cretaceous Ixsoy limestone of Guatemala.
6 .
Calclithitcs are recognised by the following characteristics:
(a) Lack of intergranular draping or soft sediment 
deformation during compaction.
(b) Even truncation of fossils and carbonate grains.
(c) Polymicitic clasts.
(d) Presence of angular chert fragments.
(e) The thickness (500+m) of the lithoclastic interval.
(f) Presence of lime grainstone clasts indicating 
substantial lithification before redeposition.
1.5 Significance of Calclithites
As mentioned previously, Folk (1974) considers that calclithites 
may be the result of both climate and tectonism. However, the fact 
that both tectonism and climate are apparently responsible for controlling 
sedimentation would appear to be in conflict with the theory of tectonic 
control of sedimentation as presented by Krynine (1942) and Krumbein 
and Sloss (1963). The basic theme of this theory is that tectonics, 
and tectonics alone, controls sedimentation. Climate is regarded as 
a dependent variable, being controlled by tectonism through change of 
relief.
However, there have been several observations which would appear 
to contradict this theory of tectonic control. Probably the best 
example is that of Langbein and Schurnm (1958) who showed the effect 
of climate on sediment yield. Other examples are listed in Crook (1968).
Hence, a detailed study of calclithites should provide important 
information on the factors involved in sedimentation. It is important
to look at:
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(a) The environments in which calclithites are formed, 
and a comparison of the calclithites from these 
environments.
(b) Theories on the control on sedimentation»
(c) The influence of climate and tectonism (diastrophism) 
in the formation of calclithites.
These three subjects are discussed in turn in this thesis and 
are presented as follows.
in Chapter 2, the distribution of calclithites is listed along 
with environment of deposition. In Chapter 3, the calclithites from 
the Rai Coast, New Guinea are studied in detail. In Chapter 4, the 
factors that control sedimentation are looked at and finally, in 
Chapter 5, tentative conclusions are drawn on the factors which control 
the lithogenesis of calclithites and on the significance of calclithites 
in our' understanding of sedimentology.
8.
CHAPTER 2
DISTRIBUTION OF CALCLITHITES
2.1 Introduction
The aim of this chapter is to record all known occurrences of 
calclithites and to determine under what type of conditions the 
calclithites are formed. As well as the tables of calclithite 
occurrences!all details of size, shape, and roundness of the carbonate 
fragments in the calclithites are recorded and brief conclusions are 
drawn. It is not the aim of this chapter to elaborate on these brief 
conclusions and to discuss them to detail. This will be done in the 
final part of this thesis (Chapter 5 - Conclusions) where the conclu­
sions from this chapter are discussed, together with the conclusions 
from Chapter 3 (Calclithites from the Rai Coast, New Guinea) and 
Chapter 4 (Tectonics, Climate and Sedimentation).
An extensive literature review was undertaken with the aim of 
recording all known occurences of calclithites. Although this would 
appear to be a relatively simple task, the review was made more 
difficult by the apparent reluctance of authors to use the name 
’calclithite1. The phrases ’limestone conglomerate’ and ’limestone 
gravels' were commonly used and hence each particular article had to 
be read in detail to determine whether the ’limestone conglomerate’ 
was in fact a calclithite. After the initial division of ’limestone 
conglomerates’ into calclithites and ’non-calclithites’, the 
calclithites were then further divided according to their probable 
environment of deposition. Five such environments could be tentatively 
recognised from this literature review, viz,
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( a )
(b)
( c )
(d)
( e )
rC, M
A s e m i - a r i d / a r i d  e n v iro n m e n t.\  . »
A p e r i g l a c i a l / g l a c i a l  e n v iro n m e n t. 
A m a r in e , e n v iro n m e n t.
JP_£.|?CO'1  ^ l c- • • *
A f l u v i a t i l e  e n v iro n m e n t.
A l a c u s t r i n e  e n v iro n m e n t.
The c a l c l i t h i t e s  from  th e  t r o p i c a l  m onsoonal e n v iro n m en t on th e  Huon 
P e n in s u la  a r e  d e s c r ib e d  in  d e t a i l  i n  th e  n e x t  c h a p te r ,  a s  m e n tio n e d  
p r e v io u s ly .
The v a s t  m a jo r i t y  o f  a l l  r e c o r d e d  c a l c l i t h i t e s  f a l l  i n  
c a t e g o r i e s  ( a )  and  ( b ) .  Only a  few  in s t a n c e s  o f  c a l c l i t h i t e s  fro m  
th e  m a r in e , f l u v i a t i l e ,  an d  l a c u s t r i n e  en v iro n m en t have been  r e p o r t e d ,  
and  t h i s  i s  p ro b a b ly  a  t r u e  i n d i c a t i o n  o f  th e  r e l a t i v e  s c a r c i t y  o f  
c a l c l i t h i t e s  from  th e s e  e n v iro n m e n ts . A lth o u g h  i t  may a p p e a r  anom alous 
t h a t  o f th e  f i v e  'e n v ir o n m e n ts ’ , two r e p r e s e n t  c l i m a t i c  e n v iro n m e n ts  
and th e  o th e r  t h r e e  'p h y s i c a l  p r o c e s s ' e n v iro n m e n ts , th e  r e a s o n  f o r  
t h i s  i s  more a p p a re n t  when c a l c l i t h i t e s  from  e a ch  o f  t h e s e  c a t e g o r i e s  
a r e  s tu d ie d  in  d e t a i l .  H ow ever, i t  can  be  b r i e f l y  s t a t e d  t h a t  th e  
r e p o r t e d  i n s t a n c e s  o f c a l c l i t h i t e s  from  m a r in e , f l u v i a t i l e ,  and  
l a c u s t r i n e  e n v iro n m e n ts  a r e  e x c e p t io n a l  an d  a r e  o f t e n  th e  r e s u l t  o f  
s p e c i a l  g e o g ra p h ic  s i t u a t i o n s .  I  c o n s id e r  t h e s e  o c c u r r e n c e s  o f  o n ly  
m a rg in a l  s i g n i f i c a n c e ,  b u t  hav e  b een  r e c o r d e d  f o r  th e  sa k e  o f  
c o m p le te n e s s .
Two o th e r  c a t e g o r i e s  o f  c a l c l i t h i t e s  w hich have been  s tu d i e d  
a r e  c a l c l i t h i t e s  r e s u l t i n g  from  l a n d s l i d e s  and  a v a la n c h e s ,  and 
c a l c l i t h i t e s  i n  c a v e s .  A lth o u g h  i t  may be a rg u ed  t h a t  th e s e  
p a r t i c u l a r  ty p e s  o f  c a l c l i t h i t e s  a r e  q u i t e  d i f f e r e n t  t o  th e  o th e r
10.
categories listed and hence they are not true calclithites, I consider 
they are true calclithites because they fall within the definition of
a calclithite as listed by Folk (1974), viz, '.... a terrigenous
rock .... in which carbonate rock fragments dominate .... (and are)
obtained by erosion of limestone or dolomites outcropping in a source 
land', which would appear to include sediments resulting from land­
slides and avalanches,and sediments in caves.
The only other situation where there was some confusion in 
distinguishing between a ’calclithite’ and a ’non-calclithite’ was 
in the case of carbonate fragments, derived from off-shore islands 
and cliffs cropping out on the coastline, which were subsequently 
deposited in a marine environment. I eventually considered such 
deposits could be classified as ’calclithites’ because the carbonate 
fragments would presumably be derived by chemical and physical 
weathering in a ’’terrigenous environment". This type of calclithite 
can be compared to intraclastic limestones and carbonate megabreccias 
where the carbonate fragments have been derived originally from a 
marine environment.
In the final section of this chapter (2.9), all types of 
'limestone conglomerates’ which are not considered to be calclithites 
are described.
2.2 Semi-Arid and Arid Environments 
2.2.1 Introduction
Arid and semi-arid environments are characterised by violent 
fluctuations in the wind and temperature, both daily and seasonally. 
Rains are rather rare and sporadic. Vegetation is extremely scanty
11.
or entirely absent. Frequency of rains varies from several times per 
year to once every 10 to 20 years. Such rains can be very incense, pouring 
out large amounts of water during a short time. Lack of vegetation 
and soil cover causes run-off to be very rapid and often flash floods 
result. Sporadic water courses in arid environments are referred to 
as wadis. Wadis sometimes make fanlike features, flood fans.
Mechanical weathering is a dominant factor, involving processes 
such as exfoliation, splitting and crushing of rocks in an arid 
environment. It is further aided by the abrasive action of wind-blown 
sand and dust. The presence of some water in the form of occasional 
rains and early-morning dew activates micro-chemical processes, leading 
to chemical weathering.
Another important feature of this environment is that vast open 
areas are exposed almost exclusively to wind action.
Stream channels are better developed near hilly terrains where 
rainfall is higher but the channels are not permanent. The channels 
usually fan out from the hilly terrains and are referred to as alluvial 
fans.
2.2.2 Calclithites from Arid and Semi-Arid Environments
From the literature review it readily became apparent that 
calclithites were fairly common in arid and semi-arid environments, 
particularly in association with alluvial fan deposition (Table 1).
It should be pointed out that although it is not difficult to 
recognise alluvial fan deposits forming at present, recognition of 
alluvial fan deposits in a stratigraphic sequence is not as easy, 
although several articles (e.g. Bull 1972) have been written on this
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subject. Hence Table 1 includes calclithites deposited in alluvial 
fans and in fluvial channels associated with the alluvial fan. The 
close relationship between alluvial fan deposits and fluvial deposits 
is explained in detail in such texts as Reineck and Singh (1973) and, 
with specific reference to calclithites, articles by Steel (1974),
Laming (1966), and Henson (1973).
The literature review also revealed that there had only been 
a few detailed studies of calclithites in arid and semi-arid environments. 
These studies generally consist of a consideration of the particle size 
and shape of the carbonate fragments. Detailed studies of calclithites 
in modern alluvial fans have been undertaken in western and southern- 
western U.S.A. by Ruhe (1964, 1967), Denny (1965), and Bluck (1964). 
Studies of ’older* calclithites in alluvial fan deposits have been done 
by Wilson (1970) from Tertiary and Quaternary sediments in western 
U.S.A.; Bluck (1965) from Triassic sediments in south Wales, and 
Laming (1966) from the lower New Red Sandstone in Devon. Examples 
were also recorded of calclithites deposited by the action of the 
wind. However, these are comparatively rare.
Carbonate sand dunes (i.e. dunes consisting mainly of limestone 
fragments) are commonly formed in areas of prevailing onshore winds 
during a lower stand in sea level when shallow water carbonates were 
exposed to strong wind action. Kuenen (1960) states that aeolian 
abrasion of limestone is two to four times as rapid as that of quartz 
and hence carbonate dunes are usually found close to the carbonate 
source area. Kukal and Saadallah (1973) emphasize the importance of 
aeolian sediment transport. A rate of deposition of 2.1 cm/year
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from dust storms has been reported and Kukal and Saadallah (1973) note 
that there is a considerable aeolian admixture to the total sediment 
mass in the shallow marine waters of the Persian Gulf. The carbonate 
content of dust storms over Iraq is very high and values of 69.5% 
carbonate content have been recorded. Glennie (1970) lists several 
examples of carbonate sands from the Persian Gulf region and from the 
Kutch area of India. Early cementation of the carbonate dunes is 
common.
Dapples (1941) has reported limestone pebbles from surface 
deposits of various Middle East deserts. He distinguishes between 
these 'calclithites' which have been formed by either wind or water 
action. Williams (1970) has also reported surficial deposits of 
’calclithites' from arid environments from Northern Africa.
2.2.3 Grain Size of Carbonate Fragments from Calclithites from
Arid and Semi-Arid Environments
2.2.3.1 Recent Examples
Dapples (1941) studied surficial sediments from the deserts 
of Syria, Trans-Jordan, Iraq, and Western Iran and limestone fragments 
were very common in many deposits. In general, these deposits were 
poorly sorted and the significant figures in size frequency distribution 
are listed in Table 2. Bluck (1964) studied limestone fragments from 
an alluvial fan in southern Nevada and found that the maximum particle 
sizes declined from approximately 150 cm to 50 cm in 4000 yards, for 
both the earlier mudflow phase and a younger streamflow phase. The 
decline in maximum particle size is an exponential decline (Fig. 1).
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TABLE 2 SIZE OF LIMESTONE FRAGMENTS FROM DESERTS IN THE MIDDLE EAST
(AFTER DAPPLES 1 9 4 1 )
S a m p l e
N o .
T y p e  o f  D e p o s i t Q i  ( m m . ) M d .  ( m m . )  Q 3 ( m m . ) Q D 4 > S k q 4 >
5 R e s i d u a l  l i m e s t o n e 1 5 . 0 0 0 2 . 0 0 0 . 2 5 5 2 . 9 5 4 - . 0 3 5
8 u u 4 . 3 0 0 1 . 1 0 0 . 2 9 5 1 . 9 7 -  . 0 2 3
14 U u 1 . 2 5 0 . 2 6 4 . 0 4 5 2 . 3 8 +  . 1 6 0
18 U “ 1 . 2 8 0 . 4 2 1 . 135 1 . 6 0 +  . 0 2 5
22 u u 6 . 3 0 0 . 7 7 0 . 187 2 . 5 0 -  . 4 6 2
29 “ u 7 . 6 0 0 . 4 1 8 . 158 2 . 8 0 - 1 . 3 8 0
32 u “ 8 . 7 0 0 1 . 7 0 0 . 3 7 5 2 . 2 7 -  . 0 8 0
35
u “ 2 0 . 7 5 0 8 . 0 0 0 2 . 5 5 0 1 . 5 0 +  . 14 1
3 8  •
u u . 7 5 0 . 187 . 0 8 8 1 . 5 7 - . 4 5 5
43
u “ 8 . 1 0 0 . 9 3 0 . 2 3 5 2 . 5 8 -  . 5 6 5
45 u « . 7 4 0 . 0 7 3 . 0 2 8 2 . 3 7 - 1 . 0 0 0
49 u tf 1 . 8 0 0 . 5 4 0 . 1 7 4 1 . 6 8 -  . 0 4 3
53 u “ . 4 7 0 . 162 . 0 5 8 1 . 5 0 -  . 0 2 0
61 u “ . 3 8 5 . 1 5 5 . 0 5 7 1 . 3 7 +  . 0 8 8
62 u “ . 7 5 0 . 1 6 0 . 0 3 6 2 . 1 8 -  . 0 3 5
67 u u 4 . 4 0 0 1 . 5 0 0 . 4 4 0 1 . 6 3 +  . 1 1 2
71
u “ 2 . 3 5 0 . 2 6 0 . 1 1 4 2 . 1 9 -  . 9 7 0
73 “ u 5 . 5 0 0 1 . 0 0 0 . 169 2 . 4 5 +  . 0 6 0
9 R e s i d u a l  ( d i s i n t e g r a t e d ) 6 . 3 0 0 1 . 7 6 0 . 4 3 0 1 . 9 3 +  . 1 0 0
l i m e s t o n e
4 0 u “ “ 1 . 8 2 0 . 5 5 0 . 1 0 8 2 . 0 5 +  . 3 1 5
72 U u « 6 . 8 0 0 2 . 1 4 0 . 2 7 5 2 . 3 2 +  . 6 5 2
27 R e s i d u a l  s h a l e 2 . 1 8 0 . 9 4 0 . 3 7 0 1 . 2 5 +  . 0 7 0
55 “ u 2 1 . 7 0 0 1 3 . 5 0 0 5 . 3 0 0 2 . 0 2 +  . 3 7 3
33 R e s i d u a l  c r y s t a l l i n e  r o c k 1 0 . 4 0 0 1 . 0 7 0 . 2 5 8 2 . 6 5 -  . 6 0 7
37 W a u 3 . 7 0 0 1 . 0 7 0 . 2 6 5 1 . 9 5 +  . 4 1 2
42 U a  u 3 . 1 0 0 . 9 8 0 . 2 8 5 1 . 7 2 +  . 0 6 0
6 6 “
u u 4 . 3 0 0 . 5 9 0 . 192 2 . 2 5 -  . 6 2 0
3 R e s i d u a l l i m e s t o n e — t r a n s - . 3 3 0 . 103 . 0 4 1 1 . 5 0 -  . 2 1 0
p o r t e d  b y  w a t e r
4 U U U 6 . 7 0 0 3 . 8 2 0 1 . 6 3 0 1 . 0 0 +  . 1 9 0
6 U
« u . 4 7 0 . 2 2 5 . 1 2 2 . 9 5 - . 0 8 2
15 U a  a . 3 6 0 . 148 . 0 6 1 1 . 2 5 - . 3 0 0
2 0 “ a  a 1 . 2 0 0 . 4 9 5 . 127 1 . 6 0 +  . 3 4 2
23 “ “  w . 158 . 0 8 2 . 0 3 7 1 . 0 5 +  . 1 0 0
28 “ « a 1 . 0 8 0 . 5 2 0 . 2 5 5 1 . 0 3 - . 0 1 0
5 9 “
u a . 5 1 8 . 2 2 6 . 1 0 4 1 . 1 5 -  . 0 1 4
44 a
u u . 5 2 2 . 190 . 0 5 5 1 . 6 0 +  . 1 7 0
4 8 u
a  a 1 . 4 5 0 . 6 4 0 . 2 8 4 1 . 1 5 0
41 R e s i d u a l  c r y s t a l l i n e  r o c k —  
t r a n s p o r t e d  b y  w a t e r 2 . 9 5 0 1 . 2 2 0 . 6 8 0 1 . 0 8 -  . 2 1 0
5 0 u a a . 5 9 0 . 2 6 5 . 0 6 8 1 . 5 5 +  . 4 1 0
54 U
u a 3 . 1 8 0 . 2 5 0 . 0 8 2 2 . 6 2 - 1 . 0 2 0
7 R e s i d u a l  s h a l e — t r a n s p o r t e d . 1 8 5 . 0 7 0 . 0 2 2 1 . 5 8 1 . 4 0 0
b y  w a t e r
12 u u . 5 3 0 . 2 7 0 . 1 4 5 1 . 8 6 - . 0 3 5
16
u  u . 4 4 0 . 2 4 8 . 1 5 2 . 7 8 - . 0 5 3
24 a u  u 1 . 9 5 0 . 8 0 0 . 2 0 5 1 . 6 2 +  . 3 4 2
2 6 u u  u 1 . 2 0 0 . 5 6 0 . 1 8 8 1 . 3 3 +  . 1 3 0
13 R e s i d u a l l i m e s t o n e — t r a n s - . 4 0 0 . 1 7 0 . 0 6 4 1 . 3 5 +  . 0 9 0
p o r t e d  b y  w a t e r  a n d  w i n d
- . 4 0 319 a u u . 9 8 0 . 3 5 5 . 2 3 0 1 . 0 5
21 a a  u . 2 9 0 . 176 . 0 S 5 . 9 0 +  . 1 7 0
31 « u u . 2 6 7 . 1 9 2 . 1 2 5 . 5 3 +  . 0 7 8
68 u u u . 8 1 0 . 5 2 0 . 3 7 0 . 5 8 - . 0 6 0
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FIGURE 1: GRAIN SIZE DISTRIBUTION OF LIMESTONE FRAGMENTS IN
ALLUVIAL FANS.
A. C u m u l a t i v e  f r e q u e n c y  p a r t i c l e  s i z e  d i s t r i b u t i o n  o f  
l i m e s t o n e  f r a g m e n t s .  ( A f t e r  Ruhe 1967)
B. Change i n  maximum p a r t i c l e  s i z e  o f  l i m e s t o n e  p e b b l e s  
w i t h  d i s t a n c e  t r a v e l l e d .  ( A f t e r  B l u c k  1964)
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Denny (1965) has studied alluvial fans from the Death Valley 
Region in California and Nevada. One particular fan, the Bat Mountain 
Fan, contains appreciable quantities of limestone and dolomite 
fragments. The mean size of material in this fan ranges from 7 to 
14 mm, except within a mile of the toe, where size decreases abruptly 
to less than 3 mm. The desert pavements surrounding the fan also 
contain limestone and dolomite fragments. However, the fragments 
of the pavement have a slightly larger mean size.
Ruhe (1967) has studied alluvial fans and surficial deposits 
in southern New Mexico. Of special interest to this thesis are the 
limestone gravels from the Jornada and Organ Fans. Ruhe notes that 
in the limestone gravels of the Jornada Fan, the median diameter is 
more than 20 mm, whereas in the Organ Fan, median diameter decreased 
to 1.5 mm at a comparable distance from the mountains. This is 
reflected in the cumulative frequency particle size distributions 
figured by Ruhe (Fig. 1).
2.2.3.2 Examples from Older Sediments
Bluck (1965) studied Triassic conglomerates from South Wales, 
in which limestone particles are predominant. Two different types 
of alluvial fans are recognised. One particular type (Type A), assume 
a triangular shape in plan for the isopleths of the maximum particle 
size. The other fan type (Type B), assumes a lobate shape in plan for 
the isopleths of the maximum particle size. Bluck notes that by 
comparison with the fans of Type A, they generally show an exponential 
decline in particle size along the central lobe but the size-distance 
correlation is smaller. Particle size of Type B fans range from clay 
to boulder and are badly sorted with a higher proportion of finer
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grades than found on fan type A. Bluck has also studied the relation­
ship between particle size, bed thickness, and distance. Bluck concludes 
that fan type A (triangular shape) is the deposit of a stream and fan 
type B (lobate shape) is the deposit of a mudflow.
Wilson (1970) has studied maximum clast size of boulders and 
cobbles from the Upper Cretaceous and Palaeocene Beaverhead and Monida 
Formations of Southwestern Montana. The clasts from these formations 
are predominantly limestone and a maximum size of 35 ft was estimated.
2.2.4 Particle Morphology of Carbonate Fragments from Calclithites
from Arid and Semi-Arid Environments
2.2.4.1 Recent Examples
The only recorded example is that of Bluck (1964) who studied 
the sphericity and shape of limestone pebbles from an alluvial fan in 
southern Nevada (Fig. 2). Bluck concludes that changes in sphericity 
are irregular but a fairly uniform increase in rod-shaped pebbles takes 
place downstream, and is caused by selective transportation in traction. 
There is an increase in discs at the base of the fan head trench and 
Bluck attributes this to movement in suspension. This increase in 
discs is greatest where there is also a break in the rate of decline 
of maximum particle size.
2.2.4.2 Examples from Older Sediments
Bluck (1965) studied the changes in sphericity and particle 
shape from limestone pebbles in Triassic conglomerates in South Wales, 
and found that lithology of the pebbles (oolitic, fine-grained or 
coarse-grained) played only a miner role in controlling sphericity 
and shape. Bluck also found an increase in sphericity value with 
increasing size.
FIGURE 2: MORPHOLOGY OF LIMESTONE FRAGMENTS IN AN ALLUVIAL FAN. 
(AFTER BLUCK 1964)
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A. Variation in sphericity of limestone pebbles
B. Variation in percentage of rod-shaped pebbles.
C. Variation in percentage of blade-shaped pebbles.
D. Variation in percentage of disc-shaped pebbles.
E. Variation in percentage of round pebbles.
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Bluck notes that variations in the shape of particles composing 
the conglomerate are a function of size and distance. The shape of 
the primary rock fragments is a function of the bedding and jointing 
of the parent limestone and is of importance in controlling final form. 
Bluck estimates that the original population of pebbles was roughly 50% 
round, 30% disc, 15% rod, and 5% blade-shaped particles in the size 
ranges 5 - 125 mm. These particles were subjected to stream and stream 
flood transport which carried disc-shaped particles further (or more 
swiftly) than other types. It is postulated the discs were carried in 
suspension whereas round and rod-shaped particles were moved by traction 
Laming (1966) measured the roundness of limestone phenoclasts 
from the calclithites of the Lower New Red Sandstone, Devonshire to 
help in the determination of the palaeocurrent patterns and palaeo- 
geography of the area.
2.2.5 Summary
The fact that calclithites were commonly found in arid and 
semi-arid environments (particularly as alluvial fan deposits) is not 
surprising. Folk (1974) has already noted that:
'.... It is possible that some calclithites are the result of
an arid climate, though these also require rather rapid erosion and 
deposition, to preserve the fragments from much abrasion.
The source area of calclithites must have been rugged relief
and the deposits are laid down in alluvial fans and river channels ....
Tectonism also appears to have an important role in the formation 
of calclithites in arid and semi-arid environments. This, again, is not 
new. Folk (1974) notes that:
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’.... calclithites also form chiefly in areas of intense block
faulting and thrusting ....’
The significance of the role of climate and tectonism in the 
formation of calclithites will be discussed further in Chapter 5.
2.3 Glacial and Periglacial Environments 
2.3.1 Introduction
The term glaciation refers to the processes and the results of 
erosion and deposition arising from the presence of an ice mass on 
the landscape. Three main types of ’ice masses’ can be recognised:
(a) Mountain or valley glaciers whose source is the snow 
lying on the mountains above the snowline.
(b) Piedmont glaciers, which develop when valley glaciers 
spread out over lowland areas.
(c) Ice-sheets and icecaps which spread over large areas, 
e.g. Greenland and Antarctica.
In the glacial environment chemical forms of erosion are very 
insignificant. Mechanical forms of erosion (abrasion and quarrying 
of the bedrock) are predominant. There are two important sources for 
rock debris in glaciers:
(a) Fragments weathering out from slopes above the glacier.
(b) Fragments produced by glacial erosion of the bedrock.
Periglacial is a term applied to a region adjacent to an ice 
sheet or glacier. This region is strongly influenced by frost action. 
Periglacial sediments, as glacial sediments, can be divided into 
unsorted and sorted types. The sorting occurs through wind action 
to produce sediments of predominantly sand or silt grade, respectively
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cover-sands (flug-sand) and loess, or through fluviatile action in the 
periglacial region.
2.3.2 Calclithites from Glacial and Periglacial Environments
The following tables (.Tables 3, 4, 5) list a number of reported 
occurrences of calclithites from firstly, Palaeozoic glacial sediments 
and, secondly, Quaternary glacial and fluvioglacial sediments. Strictly 
speaking , the occurrences listed from the Palaeozoic glacial sediments 
are not calclithites as the total of carbonate fragments does not exceed 
50% in a recorded case, but the examples were listed to show that 
Palaeozoic glacial sediments containing some carbonate clasts had been 
recorded and the distribution of calclithites was not restricted to the 
Quaternary. The reasons for the apparent concentration in the Quaternary 
could be:
(a) The Quaternary sediments of the northern hemisphere have 
been thoroughly studied and hence calclithites (limestone 
conglomerates) are more likely to be r e c o g n i s e d .
(b) The areal extent of Palaeozoic (and even Precambrian) 
glacial sediments is relatively small.
Again, the literature review also revealed that there had only 
been a few detailed studies of calclithites in glacial and periglacial 
environments.
2.3.3 Grain Size of Carbonate Fragments from Calclithites from Glacial
and Periglacial Environments
2.3.3.1 Recent Examples
Smith (1974) has studied the bed material (composed of 98% 
dolomite and limestone) from a braided outwash stream in the Canadian
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TABLE 4
CALCLITHITES FROM PLEISTOCENE TILLS
Area £ Country
Durham, England
Somerset, England
Northern Ireland (widespread)
Czechoslavakia
U.S.S.R.
New York State, U.S.A.
Southern Ontario, Canada
Minnesota, U.S.A.
Indiana, U.S.A.
Rocky Mountains and 
southern Alberta, Canada
Saruwaged and Finisterre Ranges, 
New Guinea
References
Beaumont (1971)
Stephens (1973)
Mitchell et al. (1973) 
McCabe (1969a,b)
Svoboda et al. (1966)
Kukal (1970)
Holmes (1960)
Dreimanis 6 Reavely (1953) 
Morner 6 Dreimanis (1973)
Wright et al. (1973)
McCammon (1961)
Krumbein (1933)
Stalker (1963, 1972)
Rutter (1972)
Loeffler (1971)
West Irian Dow (1968)
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TABLE 5
CALCLITHITES FROM A PERIGLACIAL ENVIRONMENT
Area & Region Environment of Deposition
Rocky Mountains 
(Kicking Horse River) Fluvio-glacial
Rocky Mountains 
(Bow River Valley)
Rocky Mountains 
(Banff)
Rocky Mountains 
(Southern Alberta)
Rocky Mountains 
(Southern Alberta)
Alluvial fans
Fluvio-glacial
Fluvio-glacial
Fluvio-glacial
RECENT EXAMPLES
Reference
Smith (1974)
Roed & Wasylyk (1973)
Rutter (1972)
Stalker (1963, 1973)
Hollingshead (1971)
3 5 .
Rocky M oun ta in s. A r a p id  s iz e  r e d u c t io n  o v e r a  4 -m ile  re a c h  was n o ted  
and th e  r e s u l t s  w ere re c o rd e d  (F ig . 3 ) .  Sm ith (1974) a ls o  n o te d  th a t  
th e  > 4^f r a c t i o n  d id  n o t exceed  2% o f any b u lk  sam ple.
H o llin g sh e a d  (1971) s tu d ie d  sed im en t t r a n s p o r t  in  th e  Elbow 
R iv e r w hich a l s o  d r a in s  from  th e  C anadian  Rocky M ountains. Both th e  
b e d - lo a d , w hich was m ainly lim e s to n e  f ra g m e n ts ,  and th e  suspended  load  
o f  th e  r i v e r  w ere s tu d ie d  and th e  p a r t i c l e  s iz e s  re c o rd e d  (F ig . 4 ) .
McCammon (1961) b r i e f l y  s tu d ie d  p eb b le  co m p o sitio n  o f  W isconsin 
g l a c i a l  outw ash sed im en ts  in  th e  Wabash V a lle y , In d ia n a . McCammon 
n o te d  t h a t  d o lo s to n e s  and lim e s to n e s  d e c re a se d  in  r e l a t i v e  abundance 
dow nstream  b u t  no m en tion  i s  made o f any v a r i a t i o n  in  s iz e  o f th e  
c a rb o n a te  p a r t i c l e s  w ith  d is ta n c e  o f t r a v e l .
2 .3 .3 .2  Examples from T i l l s
Krumbein (1933) h as  s tu d ie d  t i l l s ,  s e v e r a l  o f  w hich c o n s is t  
m ain ly  o f  l im e s to n e  f ra g m e n ts , from  I l l i n o i s  and In d ia n a . Most o f 
th e  frag m e n ts  from  th e  t i l l s  a re  l e s s  th a n  1 mm in  d ia m e te r  w ith  th e  
b u lk  o f th e  sam ple l e s s  th a n  1/16  mm d ia m e te r .  The d i s t r i b u t i o n  o f 
th e  l im e s to n e  frag m e n ts  in  th e  t i l l s  i s  r e l a t e d  to  th e  bed ro ck  
l i th o lo g y .
D avis (1958) s tu d ie d  th e  s iz e * - d is t r ib u t io n  o f  ro c k  ty p e s  in  
steam  g ra v e l  and g l a c i a l  t i l l .  D avis n o te d  t h a t  lim e s to n e  and d o lo m ite  
frag m e n ts  w ere p redom inan t f o r  frag m e n ts  g r e a t e r  th a n  2 mm.
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FIGURE 3: GRAIN SIZE DISTRIBUTION OF CARBONATE FRAGMENTS FROM A 
PERIGLACIAL OUTWASH STREAM. (AFTER SMITH 1974)
A. Downstream variation in mean and median grain size.
B. Relative proportions of sand classes showing 
downstream distribution.
C. Downstream distribution of gravel size classes plus 
sand.
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FIGURE 4:
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GRAIN SIZE DISTRIBUTION AND MORPHOLOGY OF CARBONATE 
FRAGMENTS FROM A PERIGLACIAL STREAM. (AFTER HOLLINGSHEAD 
1971) .
A. C u m u la t iv e  f r e q u e n c y  p a r t i c l e  s i z e  d i s t r i b u t i o n  o f  
l i m e s t o n e  p e b b l e s .
B. M o rp h o lo g y  o f  l i m e s t o n e  p e b b l e s .
Size in mm.
10 10.0 100
CL 30
04 .06 6 8 10.0
Size in inches
(a)  Bed M a t e r i a l ,  P i t  Samples
(b)  Bed - lo ad  1968 E x c a v a t i o n  D e p o s i t s
(c)  Bed-Load, VUV Samples
(d) Bed-Load, Bask e t  Samples
(e)  Curve (b) S i z e s  > 1 / 4  inch
B 2/3
SPHEROIDS
DISKS
BLADES
ROLLERS
BED-LOAD  
BED MATERIAL 
b > 2 inches
b
PARTICLE SHAPE RATIOS
a -  . long axis 
b -  intermediate axis 
c -  short ax i s
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2.3.4 Particle Morphology of Carbonate Fragments from Calclithites
from Glacial and Periglacial Environments
2.3.4.1 Recent Examples
Hollingshead (1971) briefly studied particle shapes of limestone 
fragments from the Elbow River which drains from the Canadian Rocky 
Mountains (Fig. 4). This is apparently the only recorded study of 
particle shape of limestone fragments from a modern-day periglacial 
environment.
2.3.4.2 Examples from Tills
Holmes (1960) has studied changes in shape and roundness of 
limestone pebbles and cobbles from tills in central New York. Holmes 
found that with increasing distance of glacial transport, there is a 
continuing decrease in wedge-form and rhombohedroid-shaped particles 
and an increase in ovoid-shaped particles. Holmes also notes that with 
increasing distance of transport, cobbles increase in roundness more 
than pebbles.
2.3.5 Summary
The literature review clearly indicates that calclithites are 
fairly common in glacial and periglacial environments. Folk (1974) 
does not really consider that calclithites can form in such an 
environment even though he notes that:
these rocks (calclithites) are exactly like arkoses, 
whose unstable and soft feldspar can only be preserved by rapid erosion 
or a dry (or cold) climate.'
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Probably the most significant point to make here is that, as 
mentioned in the Introduction, mechanical forms of erosion in the 
glacial (and periglacial) environments are predominant, and this is 
undoubtedly why calclithites are fairly common. This matter is 
discussed in greater detail in Chapter 5.
2.4 Calclithites from a Marine Environment
2.4.1 Introduction
Marine calclithites are not very common and the few recorded 
examples would appear to be the result of special geographic conditions. 
These calclithites are described in detail in this section.
Carbonate megabreccias, as defined by Cook et at. (1972) and 
Mountjoy et al.(1972), and modern day 'carbonate turbidites', as 
recognised by Stanley (1972) from the Mediterranean region, and Davies 
(1968, 1972a,b) from the Gulf of Mexico, cannot be considered as 
calclithites because the source of the carbonate clasts is from a 
marine environment within the basin and not from a terrestial environ­
ment .
2.4.2 Recorded Examples
An example of a marine calclithite currently forming is in the 
Rhone deep-sea fan which spreads out into the Mediterranean sea at the 
mouth of the Rhone river in southern France (Menard et a1,3 1965; 
Belliache 1973, 1975). Belliache (1973, 1975) considers that the 
turbidite sediments in the flysch sequence have been derived from:
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(a) Terrigenous sediments transported down the Rhone river.
(b) Organic sediments, both coarse and neritic, derived from 
the Provence coast.
The carbonate content of sediments from the Rhone river 
(Fluviatile environment) and from the Rhone fan (marine environment) 
has been studied by Kruit (1955). Most of the sediments contain over 
20% carbonate with a maximum value of almost 40% carbonate content 
for both fluviatile and marine sediments. Kruit (1955) considers that 
the carbonate fragments are of clastic origin and have been derived 
from the Mesozoic carbonate rocks exposed in the lower part of the 
Rhone drainage basin. Thus, the sediments in the Rhone fan are not 
technically calclithites because a calclithite is defined as having 
over 50% carbonate content. However, this example has been listed to 
demonstrate the type of environment in which calclithites can be formed. 
There would appear to be other examples of calclithites formed in a 
marine environment by the rapid subaerial erosion of carbonate rocks 
from near-shore islands.
Firstly, Shideler (1970) describes carbonate clasts within the 
Carboniferous Johns Valley formation of the central Ouachita Mountain 
range of Oklahoma and Arkansas. The clasts were apparently derived 
from a single source which was composed predominantly of carbonate 
strata. Shideler (1970) considers the source-land was a rising fault- 
bounded geanticlinal ridge which became an emergent archipelago with 
the prominent islands, formed as a result of the uplift, the source of 
Lhe carbonare clasts. It is thought the clasts were derived initially 
by subaerial erosion under warm and humid climatic conditions and 
then by mass movement down submarine palaeoslopes. Allochthonous
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carbonate debris flows are also considered to have formed by submarine 
mass movement flows (Cook et at» 1972).
Blount and Moore(1969) postulate a similar environment of 
deposition for their ’depositional breccias’ (calclithites)from the 
Cretaceous Ixcoy limestone of Guatemala.
Another example of calclithites derived from islands is from 
south Wales. Trueman (1922) and Wobber (1965, 1966) have described 
Jurassic sediments which were deposited in a shallow-water marine 
environment in which islands of Carboniferous limestone provided 
abundant lithoclasts. Wobber (1965) notes that physiochemical and 
biochemical agents produced a finely crystalline matrix of calcilutite 
but the breakdown of lithoclasts and shell debris was of secondary 
importance. Wobber (1965) also notes that strong currents distributed 
some lithoclasts far from the shore, but lithoclasts are more common 
in the sediments of the near-shore facies.
Another example is recorded by Marcantel (1975) from Permo- 
Carboniferous rocks in Nevada, U.S.A. Conglomerates, dominated by 
rounded limestone and chert clasts are interbedded with shallow water 
marine limestones. It is thought that uplift of an unstable highland 
area to the north provided the chert and limestone detritus which was 
deposited in the adjacent marine environment. Two types of conglome­
rates have been recognised; one type is texturally immature and has 
had little or no marine reworking, whereas the other conglomerate 
type has apparently been well sorted by marine currents and the 
clasts deposited on near-shore bars and beaches.
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Bluck (1967) has described in detail beach gravels from, a 
number of beaches in south Wales. Limestone pebbles, derived from 
nearby cliffs of Liassic (Jurassic) and Carboniferous limestones are 
very common on some beaches.
Finally, brief mention should be made of the calclithites 
currently forming in a marine environment off the Huon Peninsula,
New Guinea (Chappell 1973). These are discussed in detail in Chapter 3.
2.4.3 Grain Size of Carbonate Fragments from Calclithites from a 
Marine Environment
2.4.3.1 Recent Examples
The only recorded example is that of Bluck (1967) who studied 
beach gravels from south Wales and found that limestone pebbles were 
common on many beaches. However, most of Bluck’s work was concerned 
with particle shape and sphericity and gravel size was only studied 
briefly (Fig. 5).
2.4.3.2 Examples from Older Sediments
No examples, with details of size of limestone fragments, are
known.
2.4.4 Particle Morphology of Carbonate Fragments from Calclithites 
from a Marine Environment
2.4.4.1 Recent Examples
Bluck (1967) studied beach gravels from south Wales in some 
detail. As mentioned in the previous section, limestone pebbles are 
common on several beaches and the beach at Cwm Nash is composed almost 
exclusively of Jurassic limestone pebbles. Bluck has recognised four
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FIGURE 5 :  GRAIN SIZE  DISTRIBUTION AND MORPHOLOGY OF LIMESTONE
FRAGMENTS FROM A BEACH IN SOUTH WALES. (AFTER BLUCK 196 7 )  
A ,B ,C :  G r a i n  s i z e  d i s t r i b u t i o n  o n  N e w to n ,  Ogmore a n d
S k e r  b e a c h e s .
D ,E :  V a r i a t i o n  i n  p a r t i c l e  m o r p h o l o g y  a c r o s s  N ew to n
a n d  Cwm N a sh  b e a c h e s .
NEWTON„x"O U A R7ZITE j j 'O R S
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distinct zones from surface layers on these beaches and these are 
firstly, a large disc zone landward, typified by cobble-sized discs, 
on the seaward side of which is, secondly, a zone consisting of 
imbricate disc-shaped pebbles. The third zone, seaward of the 
imbricate zone, is the infill zone where spherical and rod-shaped 
pebbles infill a framework of spherical cobbles and finally, the 
’outer frame’ which consists of the spherical cobble framework. This 
shape differentiation does not, apparently, depend on lithology and 
this zonation of pebble shapes is observed on all beaches (Fig. 5).
Bluck also studied the sphericity/size relationship across the 
Cwm Nash beach (Fig. 6) and found a general increase in sphericity in 
a seaward direction for particles of the same size and an increase in 
sphericity with size. The standard deviation of sphericity shows a 
general increase with increasing size, and in a seaward direction for 
all sizes studied.
Finally, Bluck studied the actual development of the beaches in 
the region and recognised, two distinct types. One type, the ’Sker' 
type has less sand than the other beach type, the ’Newton’ type, but 
the ’Newton’ type has no ’outer frame’ on the seaward side of the infill 
zone. The main difference is that although the two types were built up 
in the same way, when they 'break down' the two types differ significantly.
2.4.4.2 Examples from Older Sediments
No examples, with details of shape, sphericity, and roundness 
of particles, were recorded.
FIGURE
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SPHERICITY OF LIMESTONE FRAGMENTS FROM A BEACH IN 
SOUTH WALES.(AFTER BLUCK 1 9 6 7 )
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2.4.5 Summary
The major prerequisite for calclithites to be formed in a marine 
environment would appear to be a nearby terrigenous carbonate source 
for the carbonate fragments (less than 60 km away). A distant 
terrigenous carbonate source (greater than 60 km away) will probably 
result in only a very small percentage of small carbonate fragments 
reaching the marine environment due to erosion of the fragments during 
fluvial transport. This value of 60 km is only an estimate based 
mainly on experimental work with only a few actual results. This 
distance of 60 km may vary considerably depending on the climate, 
fluvial discharge, types of limestones etc.
A nearby source will probably result in a much higher percentage 
of larger carbonate pebbles in the marine environment. Once the 
fragments have reached the marine environment either by fluvial trans­
port or directly by erosion from cliffs consisting of carbonate rocks, 
which crop out on the coastline itself, or even from offshore islands 
consisting predominantly of carbonate rocks, the fragments may be 
deposited in a wide range of environments. The fragments may be 
deposited as beach gravels (Bluck 1967) or deposited in either a shallow 
water marine environment interbedded with limestones(Marcantel 1975) 
or a deep-water environment following submarine mass movement flows.
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2.5 Calclithites from a Fluvial Environment 
2.5,1 Introduction
The aim of this section is to look at calclithites which have 
been deposited in a fluviatile environment by predominantly fluviatile 
processes. The reason for emphasising the word 'fluviatile processes' 
is because calclithites may be deposited in a fluviatile environment, 
but the major factors involved in the transport of the carbonate 
lithoclasts may have been either glaciers in a glacial or periglacial 
environment which has deposited the clasts as a moraine in a fluviatile 
environment or alluvial fans in an arid or semi-arid environment which 
have also deposited the clasts in a fluviatile environment whether as 
a sheetflood deposit or as a debris flow deposit. However, it is not 
always easy to draw a line between 'fluviatile processes' and 'other 
processes' when considering the environment of deposition of an ancient 
calclithite in a stratigraphic sequence. Table 6 is a list of calclith­
ites which would appear to have been deposited in a fluvial environment. 
Apart from the examples from the Rai Coast, New Guinea, which are dealt 
with the detail in a separate section, detailed studies on the limestone 
clasts in the fluviatile environment have been undertaken by Sneed and 
Folk (1958) from the lower Colorado River, Texas; Folk and Ward (1957) 
from the Brazos River, Texas; and by Plumley (1948) from the Blackhills, 
South Dakota. The results obtained from these studies are compared to 
the results obtained from the calclithites from the Rai Coast in Chapter
5 (Conclusions).
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2.5.2 Grain Size of Carbonate Fragments from Calclithites from a
Fluvial Environment
2.5.2.1 Recent Examples
Plumley (1948) studied terrace gravels along three streams in 
the Black Hills of South Dakota. Although Plumley did a number of 
specific experiments relating roundness and sphericity to distance 
travelled with limestone pebbles, he did not study the relation between 
mean size with distance of transport specifically with limestone 
pebbles.
Folk and Ward (1957) studied a bar on the Brazos River principally 
to determine the geologic meaning of certain grain size parameters.
The gravel from the bar is made up mainly of discoidal well-rounded 
limestone pebbles but the sand fraction consists mainly of quartz 
fragments. Most of the limestone pebbles ranged in size from 0 0 to 
-5 0 (1 - 32 mm) with the mean size being -3 0 (8 mm). For the gravel 
fraction the standard deviation was 1.1 0 (moderately to poorly sorted), 
and the skewness was near to normal (.0 to +.15).
From measurements of mean size standard deviation, skewness and 
kurtosis, a four-variate graph could be drawn.
Sneed and Folk (1958) studied pebbles in the lower Colorado 
River, Texas and limestone pebbles were very common at several sampling 
stations close to outcropping limestone. However, beyond the last 
outcrop of limestone the percentage of limestone decreases from 68% 
to 3% in approximately 180 miles of river transport. Most of the work 
on the pebbles involves roundness and sphericity measurements with no 
work done on the size range of the limestone pebbles.
Davis (1958) studied the size distribution of gravels in streams 
and found that limestone pebbles are usually dominant for pebbles greater
than 2mm.
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2.5.2.2 Examples from Older Sediments
No examples, with details of size of limestone fragments, are
known.
2.5.3 Particle Morphology of Carbonate Fragments from Calclithites 
from a Fluvial Environment
2.5.3.1 Recent Examples
Plumley (1948) made a detailed study of channel samples from 
rivers and streams in the Black Hills. Limestone pebbles are common 
in many of these streams. Part of this study involved the effects of 
transporation on the shape and roundness for two sizes (15 - 32 mm 
and 32 - 64 mm) of one type of rock (Minnekahta limestone). The 
results (Figs. 7, 8) show that the sphericity values remain fairly 
constant after an initial fluctuation and the roundness values, after 
increasing rapidly in the first 5 - 1 0  miles of transport, reach a 
maximum roundness value after approximately 150 miles of transport. 
After 2 0 - 3 0  miles of transport, the roundness values increase only 
very slowly up to the maximum value of 0.75,
Folk and Ward (1957) studied limestone gravels from a Brazos 
River Bar, however, this study was concerned mainly with the relation­
ships between mean size, standard deviation, skewness, and kurtosis.
Sneed and Folk (1958) studied sediments from the lower Colorado 
River, Texas with the major emphasis on particle morphogenesis. 
Limestone pebbles were studied in some detail, together with chert 
and quartz pebbles. The results (Figs. 9, 10) indicate there is no 
significant change in sphericity with distance, and no significant
FIGURE 7: MORPHOLOGY OF LIMESTONE FRAGMENTS FROM A FLUVIATILE
ENVIRONMENT - CHANGE IN MORPHOLOGY WITH DISTANCE 
TRAVELLED. (AFTER PLUMLEY 1948)
In both diagrams, A = roundness, B = sphericity.
A. Carbonate fragments from Rapid Creek.
B. Carbonate fragments from Battle Creek.
Di s t ance in Mi l es
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FIGURE 8 :  MORPHOLOGY OF LIMESTONE FRAGMENTS FROM A FLUVIATILE
ENVIRONMENT -  CHANGE IN MORPHOLOGY WITH DISTANCE 
TRAVELLED. (AFTER PLUMLEY 1 9 4 8 )
I n  d i a g r a m  A: A = r o u n d n e s s ,  B = s p h e r i c i t y .
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FIGURE 9 :  MORFHOLOGY OF LIMESTONE FRAGMENTS FROM A FLUVIATILE
ENVIRONMENT -  CHANGE IN MORPHOLOGY WITH DISTANCE 
TRAVELLED. (AFTER SNEED & FOLK 1 9 5 8 )
A ,B .C h a n g e  i n  s p h e r i c i t y  w i t h  d i s t a n c e  t r a v e l l e d .
C. C h a n g e  i n  s p h e r i c i t y  w i t h  d i s t a n c e  t r a v e l l e d  f o r  
v a r i o u s  s i z e s  o f  l i m e s t o n e  f r a g m e n t s .
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FICURE 1 0 :  MORPHOLOGY OF LIMESTONE FRAGMENTS FROM A FLUVIATILE
ENVIRONMENT -  CHANGE IN MORPHOLOGY WITH DISTANCE 
TRAVELLED.(AFTER SNEED & FOLK 1 9 5 8 )
A. V a r i a t i o n  i n  s p h e r i c i t y  o f  m ed iu m  s i z e d  l i m e s t o n e  
f r a g m e n t s  w i t h  d i s t a n c e  t r a v e l l e d .
B. V a r i a t i o n  i n  s h a p e  o f  l i m e s t o n e  f r a g m e n t s  w i t h  
d i s t a n c e  t r a v e l l e d .
UPST
Moximum Project ion Sphericity
A
LIMESTONE
FORM VS. DISTANCE
UPSTREAM 
oil sizes
DOWNSTREAM 
oil sjges
« o
c O o o  O  O
C f® o o#c
©O® oQ o
FORM VS. S I Z E
LARGE 
oil stations
SMALL 
all stations
» o
O O o O O o
o ^ O C l ') ©
® o * o O ©
KEY
©
@ @ @
® @ ©
© @ ©t t
Disclike Podlike
PERCENT SCALE 
0 %  2 %  O h %
Q ÖO
B
56.
change in sphericity with size of particle. A similar result is 
recorded for roundness values with distance travelled (Fig. 11). Sneed 
and Folk also studied particle form and found that the only significant 
form ratio change with transport is that limestone changes from platy 
to bladed (Fig. 10). Sneed and Folk conclude that non-rounded limestone 
pebbles indicate extremely short transportation and limestone is not a 
good rock type to use for a long distance studies.
Gregory and Cullingford (1974) briefly studied limestone and 
sandstone roundness from a number of river channels in Yorkshire and 
concluded that there is no substantial difference in pattern of 
rounding of limestone and sandstone material.
2.5.3.2 Examples from Older Sediments
No examples, with details of morphology of limestone fragments, 
are known.
2.6 Calclithites from a Lacustrine Environment
2.6.1 Introduction
The only apparent record of limestone fragments from a lacus­
trine environment is that recorded by Krumbein and Griffith (1938) who 
studied limestone gravels from Little Sister Bay, Lake Michigan, U.S.A. 
These gravels are apparently derived from a nearby limestone sequence 
which crops out on the edge of the lake.
2.6.2 Grain Size and Particle Morphology of Carbonate Fragments from 
Calclithites from a Lacustrine Environment
Krumbein and Griffith (1938) studied both the grain size and 
particle morphology of these limestone fragments. From these studies 
they conclude that ’under water1 pebbles are more spherical and hence
FIGURE 1 1 :  MORPHOLOGY OF LIMESTONE FRAGMENTS FROM A FLUVIATILE
ENVIRONMENT -  CHANGE IN  MORPHOLOGY WITH DISTANCE 
TRAVELLED. (AFTER SNEED & FOLK 1 9 5 8 )
A ,B .  V a r i a t i o n  i n  r o u n d n e s s  o f  l i m e s t o n e  f r a g m e n t s  
w i t h  d i s t a n c e  t r a v e l l e d
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there is a selective action along beaches such that more spherical 
pebbles are rolled out into the water, and the more disc-like pebbles 
are left on the beach. Krumbein and Griffith also note that, as 
with the geometric mean size of pebbles along the beach, the ’ice- 
shove* has disrupted the pattern of roundness of pebbles along the 
beach which results in abrupt changes in the ’roundness vs distance 
along the beach' curve.
2,6.3 Calclithites from Lacustrine Environments
This seemingly isolated example probably reflects the fact 
that limestone gravels (calclithites) are very rare in lacustrine 
environments. Reineck and Singh (1973) recognise two different types 
of lake deposits: (A) chemical lake deposits, and (B) clastic lake
deposits. An idealised model for the distribution of sediments in 
lakes would appear to indicate that coarse beach gravels are deposited 
only on the perimeter of the lake. However, there are many variables 
which affect this model, e.g. wind direction, steepness of the lake, 
etc.
Hence, I would expect calclithites to be found in lacustrine 
environments only where limestone (or dolomite) crops out very close 
to the edge of the lake and only in certain climatic conditions. These 
calclithites would generally be in the form of fairly coarse beach 
gravels at the perimeter of the lake.
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2.7 Tectonic (Landslide) Breccias
Landslide breccias which have formed by an initial landslide 
and subsequent laminar flow on a relatively thin, easily sheared 
lubricating layer, are known from many areas throughout the world. 
Carbonate fragments are predominant in several of these landslide 
breccias and as mentioned in the introduction, these breccia types 
can be considered as calclithites (based on the definition of Folk 
(1974)).
These breccias resemble limestone conglomerates which have 
been deposited in alluvial fans in their gross geometry, but they 
can be readily distinguished by a close examination of the breccia. 
These breccias are characterised by such features as the three- 
dimensional jigsaw puzzle effect seen in fractured larger blocks, 
the transverse corrugations, soil schlieren, certain of the debris 
cones on the landslide surface, the moraine-like ridges along the 
slides, and the low rim, steep scarp and transported debris at the 
distal end. These features suggest the hypothesis that landslides 
of this type acquire such high speed in their descent that at a 
sudden steepening of the slope they leave the ground, over-riding 
and compressing a cushion of trapped air upon which the breccia is 
able to transverse more gentle slopes below with little friction 
(Kent 1966, Shreve 1968). Alluvial fan deposits are deposited 
essentially by two processes: fluviatile and mudflow. The general 
properties of both fluviatile and mudflow deposits have been listed 
by Bull (1964) and these may be readily compared to the general 
features of landslide breccias. Also, Kukal (1970) lists lithological 
differences between sediments of alluvial fans and talus sediments 
which originate by gravity forces (Table 7).
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TABLE 7
LITHOLOGICAL DIFFERENCES BETWEEN DEPOSITS OF ALLUVIAL FANS AND TALUS
Alluvial Fan Talus
Coarser parts are at the apex, 
grain-size decreases towards 
the lower parts.
Grain-size increases towards 
the lower parts.
Upper, middle, or lower parts 
of longitudinal section may be 
the thickest .
The greatest thickness in 
lower parts.
Characteristic features of 
fluviatile sedimentation are 
present.
Features of fluviatile 
sedimentations are absent.
Sediments may contain great 
amounts of clay.
Clay usually absent or scarce.
Some coarse particles may be 
well-rounded.
Clastic particles never 
well-rounded
The largest landslide breccia which consists of carbonate boulders/ 
clasts is the Saidmarreh landslide in Iran (Watson & Wright 1969). It 
is postulated that a slab of Tertiary limestone, 15 km long, slid off 
the flank of a mountain range in southwestern Iran and produced a land­
slide that extended 20 km from its source. The landslide is thought to 
have been triggered by an earthquake during the Pliocene. Watson and 
Wright (1969) consider that there is insufficient evidence to determine 
whether the slide travelled on a layered of compressed air. Instead, 
pulverised marl and a sliding surface of gypsum bedrock may account for 
the distance travelled by the slide.
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The Blackhawk landslide in southern California has been studied 
in detail by Shreve (1968). From this study, the hypothesis of land­
slides travelling on a layer of compressed air has been developed. This 
landslide is 3 km wide and from 10 to 30 m thick, and extends 8 km 
across a valley floor, from its source. The majority of the clasts 
in the landslide debris are marble (derived from the Carboniferous 
Furnace Limestone) with only a few quartzite, gneissic and sandstone 
clasts present. The individual fragments of crushed limestone range 
in size up to about 25 cm. with a modal diameter of approximately 
2.5 cm. The age of the landslide is considered to be Pleistocene or 
Pliocene.
Adjacent to the Blackhawk landslide, but slightly older in age, 
is the Silver Reef landslide. This landslide is approximately 5 km 
long by 3 km wide and is lithologically identical to the Blackhawk 
landslide except that it is completely recemented. Shreve (1968) notes 
that limestone-pebble and limestone-cobble fanglomerates (calclithites), 
derived from the Furnace limestone, are closely associated with these 
two landslides.
Another major landslide which consists of carbonate fragments/ 
clasts, is the Frank landslide. On 29 April 1903, a large mass of 
limestone fell 800 m down the face of Turtle Mountain in the Canadian 
Rocky Mountains and slid for more than a mile over rolling, terraced 
hills. The landslide mass consists almost entirely of angular clasts 
of limestone ranging up to 10 m in diameter, with the majority of clasts 
ranging from 1 m to 6 m in diameter. Shreve (1968) considers the Frank 
landslide is similar to the Blackhawk landslide in that the limestone 
debris in the landslide travelled on the layer of compressed air.
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Mudge (1965) describes a prehistoric rockfall avalanche deposit 
from the Sawtooth Ridge, Montana which consists predominantly of 
carbonate fragments/clasts. Mudge (1965) differentiates between rock- 
fall avalanches and rockslide avalanches and notes that rockfall 
avalanches most commonly originate in carbonate rocks because carbonate 
rocks generally form ridges in mountain areas and usually contain 
widely spaced joints. Mudge (1965) also tabulates distinctive features 
of some rockfall avalanche and rockslide avalanche deposits.
Finally, Hsu (1975) considers that 'sturzstroms’ (large rockfalls 
generating streams of debris) flowed and did not slide on air cushions 
as suggested by Shreve (1968). This conclusion is based on experimental 
work simulating large rockfalls.
2.8 Calclithites from Caves
As mentioned in the introduction, sedimentary deposits in 
limestone caves, which have formed by the collapse of the limestone 
walls and roof of the cave, can be considered as calclithites (based 
on the definition of Folk (1974)), where the fragments consist 
dominantly of these limestone clasts.
Limestone caves are relatively common in karst environments. 
Often, large heaps of limestone debris cover the cave floor and in 
some cases, the stratigraphy of cave deposits can be determined. This 
stratigraphy can be especially useful for archaeologists (Bishop 1975).
Sweeting (1972) notes that records of collapses in caves, which 
lead to the formation of the calclithites, are rare in historic times. 
Miskovsky (1966) states that collapses are of two kinds; they are 
either (a) due to dissolution, i.e. to predominantly chemical reasons,
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or (b) to-predominantly mechanical agencies, i.e. essentially frost 
action. When the collapse has been caused by dissolution, Miskovsky 
claims that the fallen boulders should be largely rounded; where the 
collapse is mechanical, frost-shattered angular pebbles should be 
found. Lavies (1951) has pointed out that earthquakes are inadequate 
to cause great rock-falls in caverns and says Ihat negligible rock- 
falls have taken place in natural caves close to the epicentres of 
lax'ge earthquakes. He divides cavern breakdown into four main types:
(a) Block breakdown, the failure en masse of a cave 
ceiling and walls. This type of failure is usually 
of short horizontal, but of much vertical, extent, 
stretching upwards into the tension dome. Large 
blocks of roughly rectangular blocks in piles form 
where the breakdown has occurred.
(b) Slab breakdown. This type of failure takes place 
over great horizontal distances, but is of limited 
vertical extent. It is caused by the breaking away
of a single bed or relatively few beds in the ceiling. 
Thin irregular slabs are scattered over long lengths 
of the cave passage.
(c) Plate breakdown. This is caused by solution or pressure 
loosening thin plates of limestone a few feet across 
and a few inches thick.
(d) Chip breakdown. In this kind of failure only small 
fragments of the limestone fall away; the pieces are
flat and crumbly, and minute layers of the rock scale off.
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C o l la p s e  o f  c a v e s  m ost p ro b a b ly  t a k e s  p la c e  when p a s s a g e s  th ro u g h  
w hich  f o r c e d  w a te rs  f lo w  u n d e r  c o n s id e r a b le  h y d r o s t a t i c  p r e s s u r e  
becam e p a s s a g e s  in  w hich  w a te r  i s  no lo n g e r  u n d e r any  h y d r o s t a t i c  
head  and i s  f lo w in g  f r e e l y .
The r a t e  o f  c o l l a p s e  can  be in f lu e n c e d  by th e  ty p e  o f  l im e s to n e  
p r e s e n t  and  f a u l t  l i n e s  th ro u g h  th e  l im e s to n e .  S w eeting  (1972) a l s o  
n o te s  t h a t  f r o s t  s h a t t e r i n g  and th e  p re s e n c e  o f  d i f f e r e n t  m in e r a ls  
in  v e in s  in  th e  l im e s to n e s  can  in f lu e n c e  th e  r a t e  o f  c o l l a p s e .
Cave d e p o s i t s  can be d iv id e d  in to  two m ain ty p e s :  ( a )  a l l o ­
c h th o n o u s , o r  d e r i v e d ,  w h ich  have been  b ro u g h t i n to  th e  cave by 
p h r e a t i c  o r  by v a d o se  w a te r .  These in c lu d e  m uds, s a n d s ,  and g r a v e l s  
e t c . ,  and  ( b ) a u to c h th o n o u s ,  t h a t  i s ,  cave  d e p o s i t s  r e s u l t i n g  from  
s o lu t i o n  o f  t h e  l im e s to n e  and  i t s  s u b s e q u e n t r e d e p o s i t i o n  w i th in  th e  
c a v e  i t s e l f .  These in c lu d e  th e  b e tte r -k n o w n  s t a l a c t i t e s  and s t a l a g ­
m i t e s ,  b u t  a l s o  c o l l a p s e  m a t e r i a l  and  r e s i d u a l  c la y s  from  th e  
d i s s o l u t i o n  o f  t h e  l im e s to n e s .  C a l c l i t h i t e s  can  be fo rm ed  in  th e  
c a v e  d i r e c t l y  from  th e  c o l l a p s e  o f  t h e  c a v e rn  o r  by th e  t r a n s p o r t  o f  
l im e s to n e  f ra g m e n ts  i n to  th e  cav e  by v ad o se  s tr e a m s . S w eeting  (1972) 
n o te s  t h e  r i v e r  s a n d s  d e p o s i te d  i n  th e  c a v e s  g e n e r a l l y  ra n g e  in  s i z e  
from  0 .3  t o  1 .0  mm. L a rg e r  m a t e r i a l  can  be d e r iv e d  from  e i t h e r  th e  
c o l l a p s e  o f  th e  l im e s to n e  i n  th e  cave o r  i t  can  be sw ept i n to  c a v es  
th ro u g h  l a r g e  and. open  p a s s a g e s .  S tu d ie s  have a ls o  been  made on th e  
g ra n u lo m e try  o f  cave  p e b b le s ,  and i t  i s  s t a t e d  t h a t  th e y  a re  much 
f l a t t e r  and a l s o  m ore ro u n d ed  th a n  p e b b le s  d e r iv e d  from  n o n -ca v e  
e n v iro n m e n ts  (S w e e tin g  1 9 7 2 ) . The in d ex  o f  f l a t t e n i n g  o f  l im e s to n e  
p e b b le s  ta k e n  from  t e r r a c e s  o f  th e  r i v e r  S k i r f a r e  in  L i t t o n d a l e ,
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north-west Yorkshire, is 2.2, while the index, of flattening of pebbles 
taken from a cave in Littondale (Boreham Cave) is 2.9. However, Frank 
(1972) from a study of cave sediments in New South Wales, notes that 
the shape of the limestone fragments is always angular.
Sweeting (1972) refers to the calclithites that have formed 
by frost action or the collapse of the limestone roof as limestone 
breccias or cave breccias for accumulations of angular blocks at the 
entrance to a cave or within a cave. Frequently, such blocks are 
cemented by calcium carbonate into hard deposits. Cave breccias are 
common at the entrance to many caves in the Mediterranean, where they 
are often regarded as having been formed during frosty periods. 
Collapse of cave roofs will, moreover, give rise to angular material, 
and these will give rise to cave breccias inside caves. In Britain, 
angular block deposits are known to occur in caves in south Devon, 
where it is possible that they were formed during glacial periods.
As already indicated, collapse of cave roofs seems to occur in well- 
defined phases, hence collapse breccias in any one area may have a 
common history.
Other examples of calclithites in caves are given by Bishop 
(1975) and by Frank (1971, 1972). The stratigraphy of the recent 
sediments recorded by Bishop (1975) includes calclithites formed 
within the cave environments (’limestone breccias’) and calclithites
which appear to be '....  downwash accumulations from a former
upstream ’den’." (’limestone conglomerates’).
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2.9 Limestone Conglomerates - 'Non-Calclithites'
2.9.1 Introduction
As mentioned at the beginning of this chapter, the literature 
review revealed the phrases 'limestone conglomerate’ and ’limestone 
gravel’ were commonly used in preference to the term ’calclithite'. 
However, in a considerable number of cases it was found that many of 
these 'limestone conglomerates' were not strictly calclithites.
These rock types (’non-calclithites') could be divided into a 
number of readily recognisable categories which could be clearly 
distinguished from true calclithites on a range of characteristics 
viz. palaeogeography, relationship within surrounding beds, gross 
morphology, and the nature of the carbonate fragments.
It was considered important to study this particular category 
in some detail in order to present a complete picture of 'calclithites' 
and ’non-calclithites'. Although superficially similar, these two 
categories of rock type represent a wide variety of depositional 
environments and processes which are important when considered in 
the general context of this thesis.
The nine 'recognisable categories’ of 'non-calclithites' are 
as follows:
(a) Evaporite-solution-collapse breccias.
(b) Tectonic (fault) breccias.
(c) Pseudobreccias.
• (d) Nodular limestones.
(e) Reef breccias.
(f) Carbonate megabreccias.
(g) Melanges and olistostromes.
(h) Calcrete (caliche) breccias.
(i) Intraclastic limestones (and intraformational
conglomerates).
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2.9.1.1 Evaporite-Solution-Collapse Breccias
Limestone and dolomite "breccias" of this type are thought to 
have formed after the solution of beds of evaporites by groundwater 
which resulted in the subsequent collapse and crushing of non-soluble 
strata, usually limestone or dolomite. These breccias are generally 
restricted to certain stratigraphic horizons within carbonate and 
evaporite sequences. The evidence for the origin of this breccia 
type is based on the fact that these breccias are usually only found 
at surface outcrops but they can be directly correlated with evaporite 
beds in the adjacent subsurface. Blount and Moore (1969) also note 
that dedolomitization is often characteristic of this type of breccia.
These breccias vary considerably in their characteristic 
features. The clasts in the breccia may be all of one lithology, 
but in some cases the breccias are definitely polymictic. Cook et at. 
(1972) note that these breccias tend to be limited to pellet micrites, 
micrites, and aphanitic dolomites. Blount and Moore (1969) record 
that the matrix of the breccias is usually a sparry calcite with some 
granulated dolomite, the calcite resulting from the replacement of 
dolomite. However, Middleton (1961) lists three different types of 
cement or matrix from the breccia zones within the Carboniferous 
Madison Group of Montana. These three types are:
(a) A slightly silty, ochre-weathering, very fine
crystalline calcite. Middleton (1961) notes that 
this is not a sedimentary matrix, but a matrix 
composed of very finely crushed rock cemented by 
very fine crystalline calcite. This matrix may 
contain authigenic quartz crystals.
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(b) A dark grey, very finely crystalline calcite.
(c) A coarsely crystalline sparry calcite cement.
Both Middleton (1961) and Blount and Moore (1969) note that the 
fragments are usually poorly sorted and angular to very angular. Blount 
and Moore (1969) also record that the veined clasts are very common, 
with the veins being older than the matrix.
The breccias described by Blount and Moore (1969) are found in 
the Cretaceous Ixcoy limestone of north-western Guatemala. These authors 
also briefly refer to breccias of this type from other parts of 
Guatemala and from Texas. The breccias in the Madison Group described 
by Middleton (1961) and also by Roberts (1961, 1966) are apparently 
widespread within this Group throughout Montana. Middleton (1961) also 
refers to breccias of similar origin from Devonian and Carboniferous 
rocks in Canada and Silurian rocks from the Michigan basin.
Speed (1975) refers to sheet-like carbonate complexes, (breccia, 
unbrecciated masses, minor gypsum) as carbonate breccia nappes and the 
rocks within them collectively as rauhwacke. These carbonate complexes 
are found, in nappe piles in lower Mesozoic pelites in the Carson region 
of Nevada. Speed (1974, 1975) considers the carbonate breccia nappes 
formed initially by evaporite solution brecciation of the gypsum strata 
and, finally, by brecciation resulting from tectonic movements in the 
region which produced the nappe structures.
Pettijohn (1975) lists further examples of evaporite-solution- 
collapse breccias, which he refers to as collapse and solution breccias,
from several localities in America.
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2.9.1.2 Tectonic Breccias
Carbonate rocks become fractured and brecciated following 
extensive tectonic deformation. Blount and Moore (1969) record two 
different types of tectonic carbonate breccias from northwestern 
Guatemala.
The first type is characterised by angular clasts of variable 
size with a secondary sparry calcite matrix. The sparry calcite, 
which results from precipitation of calcite in voids caused by 
fracturing, is continuous with smaller veins of calcite within the 
carbonate clasts. Blount and Moore (1969) note that lead-zinc 
minerals are associated with calcite veins of this breccia type, 
and hence, some of the calcite veins are probably of hydrothermal 
origin.
The second type of tectonic breccia results from, more extreme 
internal dislocation of the carbonate rocks along major faults. This 
particular carbonate breccia is characterised by highly fractured 
carbonate clasts, which are somewhat rounded due to intensive gran­
ulation, and by a matrix of finely granulated carbonate. This breccia 
type is best developed in sucrosic dolomites and finer grained limestone. 
Another characteristic of this type of breccia is the almost complete 
gradation in size between the clasts and the matrix.
2.9.1.3 Pseudobreccias
Blount and Moore (1969) report that "pseudobreccias" occur in 
the Cretaceous Ixcoy limestone of Guatemala, and Bathurst (1959) has 
reported 'pseudobreccias’ from Carboniferous limestones in England 
and Wales. This particular rock type is considered to be produced
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diagenet.ically by grain growth (Bathurst 1959). The clasts in the 
’pseudobreccia’ are poorly sorted and irregular in outline. In thin- 
section, the larger calcite grains appear similar to normal pore-fill 
sparry calcite, but are distributed through the rock as irregular 
patches or nests of coarser grains, grading outward in all directions 
into remnants of less-altered carbonate, which appear to be ’floating’ 
in a matrix of these coarser grains.
2.9.1.4 Nodular Limestones
Noble and Howells (1974) have described nodular lime­
stones from Silurian strata in Canada, which superficially resemble 
calc-lithites. These authors also list other occurrences of nodular 
limestones and marls from, many regions of the world.
The nodules consist mainly of calcite microspar, varying from 
a few microns to about 20 micrometers in size interspersed with clay 
and scattered silt or fine sand. Calcitic allochems may or may not 
be present. The nodules are invariably found in shaly limestones or 
calcareous shales. The bedding is often very irregular in appearance 
due to the presence of the nodules.
The nodules have more calcitic cement than the matrix. Noble 
and Howells (1974) suggest that cementation took place when the 
sediment was still very porous, suggesting early lithification in 
the form of nodular crusts. Computed porosites at the time of 
lithification based on the ratio of carbonate to insoluble residues 
suggests lithification depths within a few metres of the sediment- 
water interface. The nodules, formed by sporadic diagenetic 
precipitation of calcium carbonate, were subsequently modified by 
differential compaction and minor flowage.
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2.9.1.5 Reef Breccias
Cook et al.(1972) note that limestone reef breccias and con­
glomerates would generally contain abundant organic fragments and 
would be usually rounded and bored or organic-coated. Banks (1959) 
describes limestone conglomerates currently forming on a reef off the 
Florida coast which have similar characteristics. The limestone 
’rubble1 on the reef consists of large rounded boulders with numerous 
pits and holes in a coral matrix. Some large fragments are black 
with algae. Several of the large boulders are angular coral fragments. 
Banks (1959) considers these conglomerates, which he calls "summit 
conglomerates" formed during a regression of the sea. Banks (1959) 
also lists a possible "summit conglomerate" from a Cretaceous limestone 
sequence in Florida. This particular conglomerate strata is of 
importance because it is a major oil-producing zone.
2.9.1.6 Melanges and Qlistostromes
Melanges and olistostromes often contain large limestone 
boulders in a fine-grained matrix. These 'limestone conglomerates’ 
are very similar to calclithites. However, Folk (1974) has defined 
calclithites as terrigenous rocks containing over 50% carbonate 
fragments, obtained by erosion of limestones or dolomites outcropping 
in a source land, and thus, these 'limestone conglomerates’ which 
were probably derived from an intra-basinal source, cannot be 
classified as calclithites.
Hsu (1974) notes that melanges are tectonic units bounded by 
shear surfaces. In contrast, olistostromes are stratigraphic units, 
generally separated from overlying and underlying formations by 
depositional contacts.
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Hsu (1974) also states that melanges are bodies of deformed 
rocks characterised by inclusions of tectonically mixed fragments or 
blocks which may range up to several miles long, in a pervasively 
sheared matrix. Native blocks are disrupted brittle layers, which 
were once interbedded with the ductilely deformed matrix. Exotic 
blocks are tectonic inclusions detached from some rock stratigraphic 
units foreign to the main body of the melange. A body of pervasively 
sheared strata that contains no exotic elements may be called a broken 
formation, becuse such a body, regardless of its broken state, functions 
as a rock-stratigraphic unit. To make a melange involves two processes: 
fragmentation and mixing of broken fragments in a ductilely deformed 
matrix. A broken formation resulting from fragmentation, but no 
mixing of exotic elements, may be considered as a preparatory stage 
in the genesis of a melange.
The exotic tectonic blocks in the melanges are often derived 
from nearby intra-basinal limestone reefs. Hsu (1974) also notes 
that fragments of calc-silicate rocks or dolomite can be found in a 
marble matrix in some metamorphic terrains.
The name "olistostrome" was introduced by Flores in 1955 whose 
definition was:
"By olistostromes, we define those sedimentary deposits 
occurring within normal geological sequences that are 
sufficiently continuous to be mappable and that are 
characterised by lithologically or petrographically 
heterogeneous material, more or less intimately admixed, 
that were accumulated as a semi-fluid body. They show 
no true bedding, except for possible large inclusions of 
previously bedded material. In any olistostrome we 
distinguish-a 'binder* or 'matrix' represented by pre­
valently pelitic, heterogenous material containing 
dispersed bodies of harder rocks. The latter may range
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in size from pebble to boulder and up to several cubic kmM.
The name "olistolith" was applied to the masses included 
as individual elements within the binder. These masses 
had been previously referred to as "exotics" or "erratics".
Olistostromes have been studied in detail by numerous people including 
Gorier and Reutter (1968) and Abbate et aZ-.(1970). Gorier and Reutter
(1968) consider that olistostromes are the result of a resedimentation
process by means of submarine mud streams.
Olistostromes may reach a longitudinal extension of 50 km and 
a transversal extension of some hundreds of km. The maximum thickness 
known up to the present exceeds 2 km. Olistostromes are built up 
progressively by relatively small mudstreams which flow downslope 
depositing their material. In contrast to the velocity of the mud- 
streams, the advancing of the front of an olistostrome is slow. The 
internal movement of the mudflow is laminar rather than turbulent.
Olistoliths have a great deal of influence on the shape of 
an olistostrome. Generally olistoliths form only a small portion of 
the mass of an olistostrome. There is no relationship between the 
size of an olistostrome and the maximum size of its olistoliths.
Both Gorier and Reutter (1968) and Abbate et at. (1970) note 
that the olistoliths of the Italian olistostromes consist mostly of 
limestones of different facies, cherts, calcareous sandstones, and 
greywackes.
Olistoliths mostly come from layers intercalated in or over- 
lying the clayey source material. During the process of uplift of 
the source area faulting and thrusting may mix the material of the 
series, from which the formation of an olistostrome starts with rocks 
from the underlying strata.. For this reason olistoliths may be 
considerably older than the material of the olistostrome itself.
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Pour sorting of the olistoliths is an essential feature of an 
olistostrome. The smaller grain sizes are transitional to the matrix 
particles.
Olistoliths are mostly angular to very sharp-edged. Trans­
portation within the mudflow appears to be so protective as to prevent 
rounding. If well rounded olistoliths occur they could originate either 
from conglomerates and were rounded to begin with, or were poured on 
the mudflow in coastal areas, and transported along with it.
2.9.1.7 Carbonate Megabreccias
Mountjoy et at, (1972) and Cook et at, (1972) have coined the . 
word 'carbonate megabreccias' to describe allochthonous debris flow 
deposits containing enormous large blocks (up to 25 x 50 meters in 
cross-section and sometimes larger) which occur locally in beds and 
channels adjacent to carbonate bank ("reef") complexes and carbonate 
shelf margins. They have been recognised in Paleozoic rocks at many 
widespread localities in the world. Previously these deposits were 
misinterpreted as shallow water conglomerates, in-situ bioherms and 
organic mounds, and reef talus. These megabreccias (debris flows) 
are probably much more widespread than now recognized. They differ 
from autochthonous intraformational, solution, tectonic and sub-aerial 
(unconformity) breccias, caliche and some olistostromes. Debris flow 
deposits are recognised by: (a) juxtaposition of a wide variety of
lithologic types and sizes of angular fragments; (2) disoriented 
stratification and geopetal fabrics from clast to clast; (3) enclosing 
and pervasive matrix of lime or terrigenous muds (paraconglomerate 
texture); and (4) the beds of lenses, or channels of these deposits
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are enclosed within deeper water basin sediments. In a few cases 
they are overlain by discontinuous ailodapic carbonate layers. 
(Allodapic carbonates are formed from shoalwater carbonate sand 
which was transported to a contemporaneous deeper water environment 
before lithification).
These allochthonous clasts were transported by submarine 
debris flows from upslope bank, reef complex, or shelf margin 
environments. They were apparently initiated by earthquake or 
tsunamis and transported as submarine debris flows down low slopes 
in a manner similar to subaerial mudflows. The presence of mega­
breccias interpreted as debris flows need not imply high relief, 
active tectonism or steep slopes that are frequently envisioned for 
these phenomena.
The clast size in these breccias is often enormous, sometimes 
reaching 100 m or more across. Because of their size and lithology, 
which may include boundstones or other bioherm-associated lithofacies, 
they are easily and often misinterpreted as bioherms rather than 
transported blocks. The finer cobble-sized detritus associated with 
these blocks can also be similar to fore-reef talus. Nearly all 
fragments and blocks are surrounded by basin lime muds, or ’float* 
in a lime mud matrix (they have paraconglomerate or diamictite 
texture). These megabreccias occur as beds or sheets or as lenses 
(presumably channels) adjacent to carbonate banks or reef complexes 
and platforms. An allochthonous origin and an unusual mode of 
transport is indicated for these breccias by their stratigraphic 
position within a basin environment, their texture and their wide 
variety of clast types from different parts of a carbonate buildup 
or platform, including clasts from the adjacent basin. The coarse-
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textured allochthonous deposits of both sheet and linear channel shape 
extend into the basin possibly as much as 10 km. As many of the clasts 
are light coloured, they afford a striking contrast to the laminated 
dark grey and black carbonates and shales of the enclosing basin (host) 
facies. Deposits of large isolated blocks of reef and shallow-water 
carbonates, also easily confused with small bioherms, are associated 
with some carbonate megabreccia beds and lenses.
As with the case of ’limestone conglomerate' melanges and 
olistostromes, the 'carbonate megabreccias' cannot be considered to 
be 'calclithites' because the source of the limestone blocks is intra- 
basinal and not from a terrestrial source.
2.9.1.8 Calcrete (Caliche) Breccias
Calcrete can be defined as 'terrestrial materials composed 
dominantly ... of calcium carbonate, and involving the cementation 
of, accumulation in and/or replacement of greater or lesser quantities 
of soil, rock or weathered material primarily within the vadose zone'. 
(Goudie 1972a). An alternative definition has been proposed by 
Aristarain (1971) who defined a caliche deposits as "... a body 
resulting from the epigenetic accumulation of calcium carbonate 
(calcite) in unconsolidated sediments under conditions derived from 
soil processes in climates in which moisture is deficient in all 
seasons ..."
Calcretes (Caliches) are known by a wide variety of names in 
different countries (Goudie 1972a,b). Although calcretes are commonly 
found in semi-arid and arid conditions throughout the world (Goudie 
1972a,b), they are also known in tropical conditions where caliche 
profiles are known to develop on uplifted coral reefs (James 1972
77.
Chappell 1973) and in permafrost environments in the arctic (Swett 
1974).
Mountjoy at at. (1972) notes that caliche breccias form under 
specialized soil-forming processes on limestones when calcretes are 
modified and reworked to form a breccia.
It may be argued that 'caliche breccias' can be classified as 
calclithites under the 'definition' proposed by Folk (1974) viz.
... 'terrigenous rocks ... in which carbonate rock fragments dominate 
...'. (Folk 1974 does not define calclithites on type of cement or 
matrix present).
However, I do not consider that these 'caliche breccias’ can 
be considered to be calclithites. The reason for this is that 
carbonate fragments in calclithites are derived from other older 
carbonate rocks whereas the carbonate (caliche) fragments in the 
'caliche breccia' are derived from carbonate rocks of the same age. 
Thus 'caliche breccias' would appear to be similar to intraclastic 
limestones. The major difference being that 'caliche breccias' are, 
of course, terrigenous.
Blount and Moore (1969) also describe 'caliche breccias' which 
are surficial breccias containing clasts of dolomite or limestone in 
a caliche matrix. Many of the 'caliche breccias' form by precipita­
tion of caliche in surficial rubble of weathered carbonates whereas 
others may form, by the precipitation of caliche in veinlets dissecting 
the rocks. The clasts are usually poorly sorted and are of variable 
roundness.
In this case, I would consider that 'caliche breccias' formed 
by precipitation of caliche in surficial rubble of carbonate clasts 
would be 'calclithites'(presuming that the carbonate clasts are from
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an older outcropping limestone) and that the term 'caliche breccia’ 
is misleading, because the clasts themselves are not caliche. However, 
in the case of 'caliche breccias' formed by the precipitation of 
caliche in veinlets dissecting the rocks, I think it is fairly clear 
that such a breccia is not a calcithite (viz. a terrigenous clastic 
rock consisting predominantly of carbonate clasts).
2.9.1.9 Intraclastic Limestones (and Intraformational
Conglomerates)
As mentioned in the introduction to this thesis, calclithites 
resemble intraclastic limestones and distinguishing between the two 
is not always easy particularly if only a single-hand specimen is 
available. However, the mode of formation of these two rock types 
is quite different.
Intraclasts are pieces of penecontemporaneous, usually weakly 
consolidated carbonate sediment that has been torn up and redeposited 
by currents. The size of these fragments range from fine sand size 
up to pebbles and boulders. Folk (1974) notes that they indicate a 
tearing-up of the bottom by an increase in current velocity, lowering 
of wave base by partial emergence or possible tectonic instability of 
the basin of deposition. Rare intraclasts can form by accretion e.g. 
the 'grapestone' aggregates of fecal (?) pellets in the Bahamas.
Pettijohn (1975) recognises two types of intraclastic rudites, 
which he considers to be intraformational conglomerates. One type 
is the 'edgewise conglomerate’ which consists of limestone pebbles 
standing on edge and packed together often in a mud matrix. These 
'edgewise conglomerates’ are often associated with graded beds or 
other turbidity current features. The other type of intraclastic 
rudite is more common and is probably the product of dissication and
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i n d u r a t i o n  o f  l im e  muds. T h is  t y p e  u s u a l l y  h a s  a  sandy  m a t r i x .
I c o n s id e r  i t  n e c e s s a r y  t o  make some b r i e f  rem a rk s  a b o u t  t h e  
t e r m  ' i n t r a f o r m a t i o n a l  c o n g lo m e ra te '  a s  u s e d  by  P e t t i j o h n  ( 1 9 7 5 ) ,  
p a r t i c u l a r l y  when a p p l i e d  t o  ' l i m e s t o n e  c o n g l o m e r a t e s ' .  P e t t i j o h n  
(1975) s t a t e s  t h a t  ' s o  common a r e  i n t r a f o r m a t i o n a l  c o n g lo m e ra te s  and 
b r e c c i a s  t h a t  o n ly  a  few  can  be c i t e d  a s  e x a m p l e s ' ,  and  s e v e r a l  
ex am p les  a r e  t h e n  c i t e d .  However, I  c o n s id e r  t h a t  t h i s  i s  a  v e r y  
g e n e r a l  te rm  and sa y s  n o th in g  a b o u t  t h e  p a r t i c u l a r  r o c k - t y p e .  In  
m ost c a s e s  t h e  e n v iro n m e n t  o f  d e p o s i t i o n  o r  mode o f  f o r m a t io n  o f  t h e  
' l i m e s t o n e  c o n g lo m e ra te '  can  be d e te r m in e d  and a more s u i t a b l e  name 
can  be a p p l i e d ,  e . g .  I n t r a c l a s t i c  r u d i t e ,  and  hence  I  have t r i e d  t o  
a v o id  u s i n g  t h e  t e r m  ' in t r a fo r m a t io n a i  c o n g lo m e r a t e ' when p o s s i b l e .
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CHAPTER 3
CALCLITHITES FROM THE RAI COAST, NEW GUINEA
3.1 Introduction
This chapter represents the major part of this thesis in terms 
of actual 'practical work’ as opposed to literature research. A 
thorough study of the calclithites from the area involves looking at 
a wide range of individual subjects. These include the regional 
geology of the area, the nature of the recent stream gravels, and 
the hydrology and hydrogeochemistry of two of the large rivers.
This study has been done in two parts; firstly, a study of 
the material stored in Department of Geology, A.N.U., which had been 
collected by Dr. K.A.W. Crook during previous visits to the area in 
1966, 1970, and 1971, and secondly, a study of samples personally 
collected from the field area in May 1976. The visit to the Rai 
Coast was an essential part of this thesis. Apart from the actual 
collecting of the samples, the visit to the field area helped 
considerably in a better understanding of the Rai Coast region and 
provided a clearer picture of the material which should or should 
not be presented in this thesis.
These calclithites from the Rai Coast are, apparently, the 
first recorded examples of calclithites from a tropical monsoonal 
environment and as such are of special significance, not only in 
terms of recording calclithites from this environment, but also in 
terms of the complex relationship between climate, tectonism, and 
sedimentation. Having said this, I consider it more appropriate to
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discuss these subjects in the final chapter - Conclusions - where I 
hope to synthesise all the relevant information on calclithites - 
their mode of formation, environment of deposition - and see 
how these particular rock types fit into the various concepts on 
climate, tectonism, and sedimentation. I should also note two points 
when ’claiming' these to be the first recorded examples of calclithites 
from a tropical monsoonal environment. Firstly, I feel sure that 
someone, somewhere has already recorded calclithites from such an 
environment in some journal which I have not seen and secondly, the 
real credit for 'discovering' these calclithites belong to Drs. J.M.A. 
Chappell and Dr. K.A.W. Crook who recognised them for what they are.
The aim of this chapter is basically twofold. Firstly, to 
fully document all the relevant features of the calclithites on the 
Rai Coast. This includes both the older consolidated calclithites 
(the 'topset' gravels of Chappell (1973)) and the present day 
unconsolidated fluvial calclithites. The other aim is to try to 
determine why calclithites form in this environment.
As an 'introduction' to this chapter, the regional physiography 
and climate are briefly considered. A more detailed study of the 
regional geology, in particular, the carbonate rocks, follows on from 
this 'introduction'. This is very important because it is the erosion 
of these carbonate rocks which results in the formation of the 
calclithites. The next topic studied is the 'topset gravels' (cal­
clithites) of Chappell (1973) and these are described in some detail 
and any conclusions regarding the mode of formation of these particular
calclithites are then drawn.
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Then there is the detailed description and documentation of 
the features of the calclithites from the Tewai and Wenga Rivers.
This description consists of a study of the grain size and particle 
morphology of the limestone fragments. The subjects of change in 
grain size and particle morphology with distance travelled was also 
studied in some detail and conclusions were drawn.
In order to try to understand why the calclithites form in 
this environment, a series of experiments/measurements were made.
These consist of elongation function analyses of limestone fragments 
from a particular lamina, a study of the hydrology of the Tewai and 
Wenga Rivers during the 'dry' season and estimates of the river 
morphology during the ’wet' season, and geochemistry of the waters 
of the Tewai and Wenga Rivers.
This chapter concludes with a brief summary of the postulated 
mode of formation of the calclithites from the Rai Coast.
3.2 Regional Setting
The Huon Peninsula lies between latitudes 6-7°S and longitudes 
147-148°E. The Peninsula is dominated by a series of mountain ranges, 
(the Finisterre, Saruwaged and Cromwell Ranges) with a maximum eleva­
tion of 4110 m. Although most of the Peninsula is still covered by 
primary rainforest, where rock exposures are usually limited to 
steep gorges and streams, the areas along the coast are invariably 
covered by man-induced grasslands ('kunai') (Plates 1,2). The 
’burning-off’ of the vegetation in the grassland region is of some 
assistance in finding rock outcrops.
Before describing in detail the regional geology, it is 
necessary to briefly describe and illustrate the setting of the Huon 
Peninsula and in particular the Tewai and Wenga Rivers where most
of the field work was carried out.
PLATE 1 RAI COAST, NEW GUINEA (TEWAI RIVER AREA) .
1,2. View of the Tewai River (centre) on the Rai Coast with 
uplifted coral terraces.
3. View down the Tewai River towards the Tewai Delta.
2
PLATE 2 RAI COAST, NEW GUINEA (WENGA RIVER AREA).
1 , 2 . V iew  o f  Wenga R iv e r  w i th  u p l i f t e d  c o r a l  t e r r a c e s  i n  th e  
b a c k g ro u n d .
3 . B r a id e d  d i s t r i b u t a r y  c h a n n e l s  i n  t h e  Wenga R iv e r  D e l t a .
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Due to the fact that it was only possible to visit the Rai 
Coast area for a period of three weeks, it was decided to look in 
detail in the areas around the Tewai and Wenga Rivers.
3.2,1 The Tewai River
The Tewai River is approximately 15 miles (25 km) long and 
has a drainage basin area of approx. 100 sq. km. One branch of the 
Tewai River rises near Mt. Bulebe (1400 m) (Chappell 1973, Robinson 
1974) (Fig. 12).
In the upper reaches of the river, the river has downcut 
steeply into the Miocene limestones and continues to downcut steeply 
through the Quaternary Wandokai Limestone (Robinson 1974) and the 
deltaic topset beds (Chappell 1973) ( Plate 3 ). However, when the 
river emerges on the coastal plain approximately 1 km from the sea, 
the river does not continue to downcut as steeply and finally fans 
out into a delta (Plate 1 ) (Fig. 13). Although most of the surrounding 
hills in the lower reaches of the Tewai River have been cleared and 
are covered by anthropengic grassland ('kunai’) the area along the 
river bank is invariably still covered by the natural rainforest 
(Plate 1 ). It has been estimated that the grassland is only a few 
thousand years old.
The rocks in the Tewai River basin are almost completely lime­
stone of both Miocene and Pleistocene age. This is reflected in the 
bed load of the Tewai at present, with approximately 99% of the 
detritus being limestone. (See Section 3.5 for further details).
PLATE 3 TOPSET GRAVELS.
1,2. Fluviatile topset gravels, Tewai Gorge area.
3. Topset gravels capping foreset gravels (covered by vegetation), 
Tewai Gorge area.
m
± fc-’riiP.
8 4 .
FIGURE 12 : GENERAL LOCATION OF STUDY AREA, RAI COAST, HUON
PENINSULA, NEW GUINEA. (AFTER CHAPPELL 1 9 7 3 ,  1 9 7 4 a )  
A ,B ,C .  Maps o f  Huon P e n i n s u l a  a n d  r e g i o n a l  s e t t i n g .
Active volcanoes
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F IG U R E  1 3 :  MAP OF DELTAS OF THE WENGA AND TEW A I R IV E R S .
(A F T E R  CHA PPELL 1 9 7 3 ,  1 9 7 4 a )
A . W e n g a  d e l t a .
B .  T e w a i  d e l t a .
Wenga delta
ajipafent boundaries of delta
Submerged terraces:
modem reef
(-100 m)
(-50m )
R. Wenga entrenched
Tewai delta delta boundary?
^ —  beach and shallow submerged topset gravels
130m
all terraces 
mainly gravels
0  5  Kikxnder
86.
Bloom e-t at, (1974) note that the grasslands lie in the rain- 
shadow of the southeast trade winds, provided by the Cromwell Range 
and a pronounced dry season exists from April to October. Bloom et at, 
(op. cit) also state that
'.... most of the 1800 mm (70 in.) falls from December
through February.'
Meteorological data compiled by Brookfield and Hart (1966) (Table 8) 
would indicate an annual rainfall of 80" - 100" for the Huon terraces. 
However, this would appear to be based on the rainfall figures for 
Finschafen (Table 8) which is not affected to any marked degree by a 
rainshadow from any coastal ranges during the time the southeast trade 
winds blow from April to October. Hence, the rainfall is much higher 
for Finschafen in these months than for the Huon terrace region and
thus the figure of 80" - 100" may be slightly too high.
3.2.2 The Wenga River
The Wenga River is approximately 40 km (25 miles) long and has 
a drainage basin area of approximately 200 sq_. km. (Fig. 12). The 
main branch of the river rises near the summit of Mt. Ulur (2940 m) 
in the main range of the Cromwell Mountains.
Like the Tewai River, the Wenga has cut a deep gorge through 
the Miocene limestones in its headwaters. However, in contrast to 
the Tewai River, in the middle reaches, the Wenga has not cut such a 
deep gorge into the Miocene limestones and the overlying uplifted 
Quaternary coral reefs (the Wandokai Limestone (Robinson 1974), Gitua 
Group (Chappell 1973)). This can be most likely explained by the fact 
that the rate of uplift at the southeastern end of the Huon
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terraces is much greater than at the northwestern end of the Huon 
terraces. In the area of the Tewai River, the 120 Ka reef crest VII 
is found at an altitude of 370 m. (Bloom et at. 1974, Chappell 1973). 
This corresponds to an average uplift rate of approximately 3 mm/year. 
In the region of the Wenga river however, the 120 Ka reef crest VII 
is found at an altitude of approximately 90 m. (Chappell 1973). This 
corresponds to an average uplift rate of approximately .75 mm/year. 
Hence, the Wenga River would not have to cut such a steep gorge 
through the rising land surface because of the much smaller rate of 
tectonic uplift. Chappell (1973) has also pointed out that in the 
middle reaches of the Wenga River there are massive slumps which may 
have contributed excess sediment and oversteepened the river gradient 
which resulted in the braided terrace of the coastal plain (Plate 2 ). 
The Wenga River is now entrenched and forms a sinuous channel through 
the braided terraces.
Like the Tewai River, the hill slopes around the middle and 
lower reaches of the Wenga River are covered by ’kunai’ and the area 
along the river bank is still invariably covered by the native forest.
The lithology of the rocks in the Wenga River basin is almost 
identical to those of the Tewai River basin, viz. predominantly 
limestones of both Miocene and Pleistocene age. Similarly, the 
predominance of the limestone in the source area is reflected in 
the present bed load of the Wenga River.
Based on the data of Brookfield and Hart (1966) it would 
appear that the northwestern end of the Huon terraces receives less 
rainfall than the southeastern end of the terrace region. However,
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I am not entirely sure that this is correct. As noted in the previous 
section, the rainfall data for the Huon terraces is based on the rain­
fall figures for Finschafen which is approximately 100 km southeast of 
the mouth of the Wenga River. In order to determine if the rainfall 
varied considerably along the Rai Coast, rainfall data would need to 
be collected over a period of time from a number of localities along 
the Rai Coast.
3.3 Regional Geology
3.3.1 Introduction
The aim of this section is to look at the regional geology of 
the Huon Peninsula with particular emphasis on the limestone types in 
the region. This is necessary because the weathering of these lime­
stones has resulted in the formation of calclithites in the past (the 
'topset gravels’) and the carbonate detritus currently found in the 
streams and rivers of the Rai Coast. These calclithites are studied 
in detail in other sections of this chapter.
3.3.2 Regional Geology (General)
The present day setting of the Huon Peninsula is very interesting. 
To the north of the peninsula is an active arc of late Cenozoic volcanism. 
To the south, the peninsula is bounded by the Ramu-Markham Fault Zone. 
Based on the raised coral terraces found on the pen insula, the Huon 
Peninsula itself would appear to be undergoing vertical upward movements 
at present, while the Vitiaz Strait to the north and the Markham Trough 
to the south appear to be moving vertically downwards. Although several 
aspects of the Quaternary geology of the Huon Peninsula, particularly the 
raised coral terraces, are well understood and have been studied in detail
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(Chappell 1973, 1974a ,b), the geology of the Huon Peninsula area 
as a whole was known only in very general terms prior to the regional 
geological mapping by the Papua New Guinea Geological Survey,
(Robinson 1973, 1974).
Manser (1974) notes that data on volcanic and seismic activity 
in the area and on sediment transport in rivers feeding into the Huon 
Gulf were first recorded in the late 1880’s and 1890’s. Manser (1974) 
also records that uplifted coral reefs and coralline limestones were 
reported from this area at about the turn of the century. Glaessner 
(1950) notes that the Finisterre Mountains, which he delineates as a 
separate structural zone in the New Guinea region, consist mainly of 
folded limestones and other sediments of Miocene age.
Robinson (1973, 1974) records that a few detailed investigations 
were made in the general area in the late 1950’s and early 1960’s. 
Belford (1966) later described Miocene Foraminifera previously col­
lected from the Masaweng River area. Thompson and Fisher (1965) state 
that the Finisterre and Saruwaged Ranges contain a very rapidly 
deposited thick accumulation of Miocene clastic sediments, basaltic 
volcanics and limestone,the basal part of which has been intruded by 
gabbro, particularly on the Huon Peninsula. They also note that Upper 
Miocene limestones cap the Saruwaged Range at elevations exceeding 
10,000 feet and that Tertiary acid synorogenic intrusives have not 
been recorded from the region. The geology of the Saruwaged Range
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was mapped in some detail by Grainger (1970) as part of the regional 
mapping programme of the Markham 1:250,000 sheet. However, some parts 
of the Saruwaged Range are included in the Huon 1:250,000 sheet. The 
stratigraphy of the area is given in Table 9.
Several detailed geological investigations were undertaken in 
the late 1960's and early 1970's. These include a regional gravity 
survey (St. John 1970), a marine geological study of the Huon Gulf 
Region (von der Borch 1972), a study of the glacial features in the 
highest parts of the Saruwaged Range (Loeffler 1971) and a detailed 
study of the uplifted terraced reef complex on the Rai Coast (Veeh 
and Chappell 1970, Chappell 1973, 1974a, Bloom et at. 1974).
The results of the regional mapping of the Huon 1:250,000 sheet
(Robinson 1973, 1974) are in general accord with previous observations 
by other workers in the region. The stratigraphy of the region is 
listed in Tables 10 and 11.
To the north of the Huon Peninsula is an active arc of late 
Cenozoic volcanism (Fisher 1957, Manser 1974). This arc, the Bismarck 
Volcanic Arc (Johnson et at. 1973), extends from Rabaul, in the east, 
along the north coast of New Britain, and west to the islands off the 
north coast of New Guinea. The volcanoes consist of a series of 
hypersthene-normative lavas ranging from olivine-bearing basalt to 
andesite, dacite, and rhyolite with andesite being the most abundant 
lava type. Detailed chemical analyses of these rocks have been 
undertaken by Johnson et at. (1973).
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TABLE 11
STRATIGRAPHY Or THE HUON TERRACE REGION 
(after Chappell 1973)
Geologic Age Major Rock Groups Rock Stratigraphic Units
Quaternary Gitua Group Grl to Grl2: Reef complexes
(Gr 1-12) (Gt)(Gu) Extensive raised coral reefs
forming terraces rising to 
over 550 m above sea level.
Gt: Tewai formation
Mainly deltaic topset and 
foreset limestone gravels 
with minor reef cappings.
Gu:
Undifferentiated higher 
reefs, forming scattered 
small terraces to about 
1,000 m.
.......-----Unconformity ----------------
Upper Tertiary Zankoa Group Zt: Top Beds
(Zt) (Znc) (Zu) Basaltic conglomerates,
breccias and tuffs, over 
30 m thick and•disconformal>le 
on Znc in east.
Znc: North Cromwell Limestone
Bj'.ohermal and calc arenaceous 
massive limestones, over 
1,000 m thick in centre of 
Kalasa Scarp area; thinning 
to east and west and grading 
into volcanogenic marine 
sediments of Zu.
Zu:
Undifferentiated volcanogenic 
marine sediment.
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3.3.3 Geological History
The Finisterre Yolcanics are thought to represent an ancient 
island arc (Bain 1973) which was active during the Palaeogene. The 
age of these volcanics has been determined as either Late Oligocene 
or Early Miocene (Robinson 1973). Fluctuations in the intensity of 
volcanic activity and periodic uplift of parts of the arc resulted 
in reef-limestone growth and volcanic and volcaniclastic sedimentation 
(Bain 1973).
As Dow (1973) and Bain (1973) have noted, the whole of the 
northern New Guinea region could have been well to the north during 
the Palaeogene. In fact, Bain (1973) has suggested that opposing 
movements of the New Britain-Finisterre arc and mainland Papua New 
Guinea probably resulted in attachment of the Finisterre part of 
the arc to the 'mainland’ during the late Neogene.
Grainger (1970) considers that uplift of the Finisterre- 
Saruwaged geanticline began towards the close of the Miocene along 
normal faults paralleling the Markham Valley and the north coast.
Bain (1973) states that the Ramu-Markham Fault Zone probably formed 
from the interaction between the Finisterre area and the New Guinea 
Mobile Belt. Dow (1973) considers that faulting reached its climax 
in the Pliocene with the uplift of large areas of Papua-New Guinea.
The results of investigations (Chappell 1973, 1974a) on the 
uplifted coral terraces on the Rai Coast of the Huon Peninsula have 
shown that the land is rising but at different rates. The maximum 
uplift rate is approximately 1 meter per 300 years. Radiometric 
dating of corals from the uplifted reefs indicate sea level maxima 
at various times during the Pleistocene.
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As previously stated, the Huon Peninsula is both tectonically 
and seismically active at present. Recent volcanic activity has also 
been recorded along the Bismarck Volcanic Arc. As Chappell (1973) 
has noted, the regional geologic association of the volcanic arc^ 
rising mountain ranges, and the Markham Trough to the south is common 
in island arc regions. However, this association in the Huon 
Peninsula differs slightly from the pattern in 'normal' arcs in that 
the 'trench' to the south of New Britain divides into two 'trenches' 
around the Huon Peninsula. The 'southern trench' becoming the Markham 
Trough and the 'northern trench' fading into the trough of Vitiaz 
Strait.
Seismic data from the area recorded by Denham (1969), Johnson 
and Molnar (19 72), and Curtis (1973a ,b) do not indicate any clear 
pattern of earthquake foci, which could indicate the position of a 
Benioff Zone. In the New Britain region, it is claimed a well 
developed Benioff Zone has been recognised. Dewey and Bird (1970) 
have suggested that a subduction zone beneath New Guinea may be in 
the process of reversing which may explain the diffuse distribution 
of earthquake foci. Other plate tectonic models for this region have 
been proposed by Davies and Smith (1971), Johnson and Molnar (1972), 
and Curtis (1973b). However, all of these models disagree on the 
proposed plate boundaries in the Huon Peninsula region.
An alternative explanation of the Quaternary tectonic movements 
in the region is given by Carey (1970) and Ripper (1970). This 
hypothesis is that of global expansion. Carey (1970) has proposed 
that a sphenochasm opened in the Solomon Sea region and that this
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was caused by global expansion. However, an analysis of the geophysical 
structure of the region by Chappell (1973) appears to indicate that a 
plate tectonic model for the region is more plausible.
3.3.4 Stratigraphic Units of the Rai Coast Area
3.3.4.1 The Tewai River Area
The Tewai River rises in a rugged mountainous area. According 
to Robinson (1973) the stratigraphic unit in this locality is the Song 
River Calcarenite, which is a well-bedded fine-grained, moderately 
well-sorted calcarenite. However, more detailed work in the area by 
Chappell (1973) has resulted in a slightly different stratigraphic 
sequence to the one proposed by Robinson (1973). Chappell (1973) has 
found that clastic and volcanogenic marine sediments are overlain by 
the North Cromwell Limestone in the Tewai River gorge. The contact 
between the two is apparently gradational through bedded calcareous 
siltstone and tuffaceous sandstones. The North Cromwell Limestone, 
an informal name used by Chappell (1973), is described as a thick 
biohermal, and fossil-fragment bedded limestone and is probably 
equivalent to the Song River Calcarenite. Also present in the Tewai 
River gorge area is a sequence of coarse conglomerates and grits which 
Chappell (1973) refers to as the Top Beds. These beds, which contain 
shallow water corals and large basaltic and limestone clasts, 
disconformably overlie the North Cromwell Limestone in some places 
but a gradational contact is also known from some localities. Chappell 
(1973) considers the Top Beds, the North Cromwell Limestone, and the 
clastic and volcanogen ic marine sediments together make up the Zankoa 
Group (Table 11).
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The uplifted coral terraces, which Chappell (1973) includes 
in the Gitua Group, and which Robinson (1973) refers to as the Wandokai 
Limestone, rise to more than 600 m in the Tewai River area. Robinson 
(1973) notes that in this area, mottled pale brown to grey cavernous 
limestone, with numerous coral fragments in position of growth, con­
stitutes the dominant lithology of the unit. Most of the outcrops are 
coarsely bedded, individual units being from 2 to 6 m thick, and have 
very irregular surfaces formed by sharp points surrounding solution 
pits. Algal and coral fragments make up to 50% of the reef limestone 
which also contains cavities filled with pale brown to cream argillaceous 
and micritic material. At some horizons the limestone is a coarse 
calcarenite, fairly well bedded, consolidated, grey to mottled brown, 
even grained, and with a few larger foraminifera. Elsewhere it 
alternates with another limestone which is medium brown to cream, 
massive, fine-grained and poorly sorted, containing 30% algal fragments 
and smaller foraminifera and 70% micrite.
However, Chappell (1973) notes that the Gitua Group consists 
not only of uplifted coral reefs but also of topset and foreset limestone 
gravels. Chappell (1973) refers to these successions of gravels, 
which crop out well in the Tewai Gorge area, as the Tewai Formation. 
Chappell (1973) notes that the foreset gravels are parallel bedded, 
dip seaward at 15°, and are piled unconformably on Upper Tertiary 
rocks (Plate 3). These foreset gravels are capped by an offlapping 
succession of subhorizontal gravel units (the ’topset gravels’).
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The seaward dipping gravels exhibit a uniformity of sediment 
type and bedding form. Bedding is parallel and some individual layers 
are continuous for at least 1,200 m downdip. These features contrast 
with both the beach and fluvial topset beds of the Tewai and Wenga 
deltas , which are exposed along the river banks and have counterparts 
in the subhorizontal gravel of the capping terraces.
The offlapping sequence of capping units and the topset-foreset 
relation between the individual units and the corresponding set of the 
seaward dipping gravel, suggests that the whole structure is a delta 
which formed continuously whilst uplift progressed.
Chappell (1973) has shown that deltas forming off the Rai 
Coast at present have regular fan-shaped piles of fluviatile sediment, 
dominated by gravels, which slope seaward at 13° to 14° from the Wenga 
and Tewai Rivers, and can be traced by echogram down to their outer 
margins at about -250 m. These gravels apparently represent foreset 
beds of simple deltas, which project from the general line of the 
coast and which pass laterally onto the surface of the raised reef 
of the coastal cliff and lagoon barriers.
Hence, limestone pebbles found in the Tewai River at present 
can be derived from five distinct sources:
(a) The Song River Calcarenite (The North Cromwell Limestone)
(b) The Top Beds
(c) The Wandokai Limestone (Coral reefs of the Gitua Group)
(d) The foreset deltaic gravels
(e) The topset littoral and fluviatile gravels.
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3.3.4.2 The Wenga River Area
The Wenga River also rises in a rugged, mountainous terrain. 
Robinson (1973) records two units from the upper reaches of the Wenga 
River catchment. These two units are the Kabwum Limestone Member and 
the Gowop Limestone. The Kabwum Limestone Member is a biomicrite, 
which is more porous, slightly less resistant, and better bedded than 
the Gowop Limestone 5 with interbedded calcilutite lenses consisting 
of 60% poorly sorted angular to subangular clasts of resistant 
biomicrite in a calcarenite matrix of very coarse sand size. The 
lower part of the member is characterized by irregularly bedded limestone 
consisting of fine, lenticular, undulating layers of resistant micrite 
from 5 to 10 cm thick, spaced at intervals of between 30 and 60 cm 
throughout a less resistant micrite. In the uppermost part of the 
member, very porous and cavernous micrite with some bryozoan and coral 
remains is predominant.
Robinson (1973) describes the Gowop Limestone as a resistant, 
crudely bedded or massive algal foraminiferal biomicrite with some 
calcarenite and calcilutite.
The Top Beds (Chappell 1973) are also found in the Wenga River 
catchment. Chappell (1973) records that the North Cromwell Limestone 
is present in the Wenga River region and this unit is probably 
equivalent to the Kabwum Limestone Member.
The uplifted coral terraces are present in the lower reaches 
of the Wenga River, and are also associated with the deltaic foreset 
and littoral topset gravels. This stratigraphic sequence is analogous
to that in the Tewai River area.
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Limestone pebbles in the Wenga River can be derived, from six- 
sources .
(a) The Gowcp Limestone.
(b) The Kabwum Limestone Member (=North Cromwell Limestone)
(c) The Top Beds.
(d) The. Wandokai Limestone (coral reefs of the Gitua Group)
(e) The foreset deltaic gravels.
(f) The topset littoral and fluviatile gravels.
3.4 The Topset Gravels 
3.4.1 Introduction
Chappell (1973, 1974a) first recognised the topset gravels as 
of the Tewai Formation in the Gitua Group (Table 11). The topset 
gravels are structureless and cap the underlying foreset beds which 
crop out along the Tewai River (Plates 3,4). The topset-foreset 
relation between each of the offlapping capping units and corresponding
set of the seaward dipping gravel suggests that the whole area is a 
delta which formed continuously during uplift (Chappell 1974a).
These gravels have been interpreted as fluviatile and littoral 
(Chappell 1973, 1974a). They are calclithites, consisting of large 
well-rounded limestone clasts, up to 20 cm in diameter and smaller 
basalt clasts up to 5 cm in diameter, which have been cemented with 
calcium carbonate. However, these observations are based on few 
specimens, hence larger clasts may possibly be found. In the 
specimens examined, limestone clasts varied from approximately 
60 — bo and basalt clasts varied from 5 — 40%. Again these figures 
may not be representative: more basalt clasts may occur locally, as
well as some shale and sandstone clasts derived from the Zankoa Group.
PLATE 4 FORESET GRAVELS.
1,2. Foreset deltaic gravels, Tewai Gorge area. 
3. Limestone gravel scree, Tewai Gorge area.
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3.4.2 Grain Size Analysis
A size analysis of the sand and silt size fraction of a 
calclithite was carried out (Table 12) on a sample collected by 
Dr. J.M.A. Chappell9 from a section on the east bank of the Wenga 
River, some 600m inland, figured by Chappell (1973, p.47). This 
section includes a palaeosol.
The size of limestone fragments in this fluviatile calclithite 
are almost identical to those currently found in the Tewai and Wenga 
Rivers (see Section 3.5). Significant points are firstly, the 
dominance of coarse limestone pebbles and secondly, a small 
secondary mode at 1.50 which probably results from an overlap of 
grain size population A (’the framework population’) and grain size 
population B (’the interstitial population’). A similar mode is 
recorded from the sediments of the Tewai and Wenga Rivers (Section 3.5).
3.4.3 Petrography
3.4.3.1 Introduction
Thin sections of four calclithite specimens from the Huon 
Peninsula were examined. The location of these specimens is as 
follows: d
A.N.U. No. 
26279 
32927 
32934 
32942
Gagara flight near Gitua, Huon Peninsula 
Above Nuzem, Huon Peninsula 
East side of Sanga River gorge 
Tewai River gOx;ge area
The percentages cited in the thin section descriptions are rough 
visual estimates.
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TABLE 12
GRAIN SIZE ANALYSIS OF THE SAND 6 SILT FRACTION OF A FLUVIATILE CALCLITHITE
Sieve
size 0
Weight 
(grins)
Cumulative
weight
Cumulative 
weight % Individua
1" 106 .4 106 .4 19.3 19.3
7/8” -4.5 82.0 188.5 34.1 14.8
3/4” 47.7 236.3 42.8 8.7
5/8" -4.0 52.9 289.2 52.3 9.5
1/2" 16.2 305.4 55.1 2.8
7/15" -3.5 25 .9 331.4 59.9 4.8
3/8" 17.0 348.4 63.0 3.1
5/15" -3.0 19.9 368.4 66 .7 3.7
3 17.1 385.5 69.7 3 .0
3% -2.5 7.7 393.2 71.1 1.4
4 10.3 403.5 72.7 1.6
5 -2.0 9.8 413.4 74.7 2.0
6 6.3 419.7 75.8 1.1
7 -1.5 8.5 428.3 77.5 1.7
8 6.4 434.7 78.5 1.0
10 -1.0 5 .6 440.4 79.8 1 .3
12 6.2 446.6 80.9 1.1
14 -0.5 5.2 451.8 81.8 0.9
16 4.9 456.6 82.6 0.8
18 0 4.1 460.8 83.6 1.0
20 6.5 467.4 84.5 0.9
25 0.5 5 .3 472.7 85.6 1.1
35 1.0 16.0 488.8 88.2 2.6
45 1.5 20.9 509.7 92.1 3.9
60 2.0 14.7 524.5 94.7 2.6
80 2.5 6.5 531.1 96.1 1.4
120 3.0 4.6 535.7 97.0 0.9
170 3.5 4.1 539.9 97.7 0.7
230 4.0 3.8 543.7 98.2 0.5
270 3.4 547.2 99.0 0.8
325 4.5 0.6 547.8 99.0 0.0
mud >4.5 4.5 552.4 100.0 1.0
Weight and cumulative weight calculated to nearest 0.1 grm.
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3.4.3.2. Calclithite Petrography 
Slide No. 26279
This slide consists of large carbonate fragments ranging in 
diameter from 0.5mm to 3cm. The fragments are usually well-rounded 
and are invariably biomicrite fragments. Minor fragments of sparse 
biomicrite, fossiliferous micrite and biosparite are known. The 
carbonate fragments make up approximately 90% of the fragments in the 
thin section and of this total approximately 80% would be biomicrite 
fragments. The main fossils recognised in these fragments are fora- 
minifera, however, small pieces of ?crinoids, corals, algae, and 
bryozoacould also be recognised.
Small rounded olivine grains up to 3mm in diameter, make up 
approximately 5% of the fragments and the remaining 5% of the fragments 
consist of small weathered basalt fragments. The cement of this 
calclithite is a sparry calcite.
Slide No. 32927
Well-rounded carbonate fragments ranging in size from 0.5mm 
to 2cm comprise 80% of the clasts in this specimen. The main types 
of fragments present are biosparites and biomicrites and these are 
in approximately equal proportions. A few fossiliferous micrite 
fragments were noted but these are comparatively scarce. Again, 
the main fossils recognised were foraminifera with minor fragments 
of coral and algae.
Approximately 10-15% of the fragments consist of small sub­
rounded to sub-angular olivine fragments, ranging in size from 
0.2 to 1.0mm and sub-angular pyroxene fragments, ranging in size 
from 0.2 to approximately 0.6mm in diameter. The remaining 5-10% 
consist of opaque heavy minerals.
Again, the cement of this calclithite is sparry calcite.
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Slide No. 32934
The composition of the fragments in this calclithite differs 
slightly from those described previously. The carbonate fragments 
which make up approximately 70% of all fragments, can be 'sub-divided' 
into four separate types. Firstly, fossil fragments, which are 
usually sub-rounded to well-rounded, and range in size up to 2mm.
The main types of fossils are foraminifera, bryozoa and corals. These 
fragments account for 20% of all fragments in the specimen. Secondly, 
biosparite and biomicrite fragments, which are usually well-rounded 
and range in size up to 1cm, and also make up 20% of all fragments 
in the specimen. Thirdly, well-rounded sparry calcite fragments 
which range up to 1mm in size, and comprise 15% of all fragments in 
this specimen and finally, well-rounded micrite fragments which also 
range up to approximately 1mm in size and also comprise 15% of all 
fragments in this section.
The remaining 30% of fragments consist of small sub-rounded 
to sub-angular olivine fragments (15%), opaque heavy minerals (10%) 
and small rounded basalt fragments, ranging up to 1mm in size (5%). 
Again, the cement is a sparry calcite.
Slide No. 32942
The carbonate fragments in this calclithite account for 70% 
of all rock fragments. The major carbonate types present are well- 
rounded biosparite and biomicrite fragments which are comparatively 
small and only range up to 3-4mm in size. The major types of fossils 
present again are foraminifera with minor coral^algal and bryozoa 
fragments. There is also a small percentage of algal and coral 
fragments present.
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The remaining 30% consist of small, rounded basalt fragments 
(10%), small sub-rounded to sub-angular olivine fragments (10%) and 
elongate, sub-angular pyroxene fragments (10%). All these fragments 
are cemented by a sparry calcite.
3.4.4 Provenance
Unfortunately, it is not possible to conclude much more than 
the fact that the major source of material for the topset gravels 
(calclithites) are the Tertiary limestones and volcanic rocks of the 
Cromwell Ranges. Due to the fact that the geology of the hinterland 
is only known, in general terms, it is not possible to get any 
indication on the distance of transportation of the carbonate clasts.
One interesting point to note is that basalt fragments are 
found in the topset gravels from both the Tewai River area and from 
the other gravels to the northwest of the Tewai River. This indicates 
either some basaltic rock type outcrops in the drainage basin or 
there are gravels containing basaltic fragments in the drainage 
basins. However, the map of the area by Robinson (1973, 1974) shows 
only limestone in the drainage basin areas. This suggests that 
either the rivers had a different drainage basin area when the gravels 
were deposited or there is a source of basalt rocks in the drainage 
basins and the geological map is incorrect. In light of the fact 
that basalt fragments can be found in the present day stream sediments 
of the Tewai River, it seems that the geological map is incorrect.
I suspect that the basaltic fragments are derived from the Top Beds 
of the Zankoa Group (Chappell 1973), which are known to contain quite 
large basaltic fragments (see Section 3.3.4.1 and Table 11).
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3.4.5 Summary
Although it is possible to describe these fluvial calclithites 
(the Topset Gravels) and it can be established from stratigraphic 
evidence (Chappell 1973) that the Topset Gravels were deposited in 
a fluvial (and possibly beach) environment it is not really possible 
to explain why or how the limestone fragments were eroded from the 
outcropping limestone and were subsequently transported and deposited. 
The data needed to explain why calclithites form in this particular 
tropical environment can only be obtained from a study of the 
unconsolidated calclithites currently forming on the Rai Coast.
These calclithites are described in detail in the remainder of this 
chapter. From this 'description', together with other experimental 
data, an explanation of why calclithites form in this environment 
can be presented.
3.5 Stream Sediments from, the Tewai and Wenga Rivers 
3.5.1 Introduction
The stream sediments in the Tewai and Wenga Rivers (Plates 
5,6,7) were studied in some detail during the limited field season 
in May 1976. The specimens collected and the features observed 
during this visit provided additional information to the specimens 
collected previously by Dr. K.A.W. Crook in 1966, 1970, and 1971.
Maps showing sampling localities and tables indicating sample numbers 
are presented in each particular section.
The major parameters studied in detail were the particle size 
and particle morphology of the limestone fragments. The results 
from these studies are subsequently presented in this section.
plate 5 TEW AI RIVER.
1,2. Tewai River near bridge (1 km. from mouth of river). 
3. Pebbles from Tewai River with carbonate mud.
PLATE 6 TEWAI RIVER.
1. Flood bench above Tewai River channel.
2. View of Tewai River looking towards river mouth.
3. Limestone gravel on flood bench.
4. Beach gravels at the mouth of the Tewai River.
PLATE 7 WENGA RIVER
1,2. General view of Wenga River.
3. Fluviatile gravel on flood plain, Wenga Delta.
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3.5.2 Grain Size of the Limestone Fragments 
3.5.2.1 Introduction
Grain size analyses can be done by a variety of procedures, 
depending mainly on the size of the grains to be measured. For 
unconsolidated sediments, large boulders and cobbles must be measured 
individually by using either vernier calipers, tape measires, or 
rulers. The gravel, sand, and silt fraction is usually measured 
by sieving techniques and the clay fraction is commonly measured by 
pipette analysis, which is based on the settling velocity of the 
particles.
The extremely large size of some of the clasts present in 
the river channels meant that normal techniques could not be used 
to measure the entire sample and hence a variety of methods were 
used to obtain an indication of particle size and distribution.
These methods consist of:
1. Analysis of the fine gravel, sand, silt, and clay fraction 
by sieving.
2. Measurement of clasts on the present-day flood bench above 
the stream channel of the Tewai River.
3. Measurement of the largest clasts from Tewai and Wenga 
Rivers.
The sampling localities are indicated on Fig. 14 and the number and 
description of the sample collected listed in Table 13.
Standard sieving techniques, as described by Folk (1974), 
were used to measure the fine gravel, sand, silt, and clay fraction 
of the samples previously collected by Dr. K.A.W. Crook (Table 13). 
However, because only relatively small samples were obtained, the 
results would not necessarily be representative of the total .fine
F IG U R E  1 4 :  L O C A T IO N  O F  G R A IN  S I Z E  S A M P L E S .
Wenga delta
apparent boundaries of delta
I. (grave»?)
/  .U  (coral)
(—100m)
(-50m)
\ 26541
26542
32947
Grain Size Measurements 
across the Flood Bench
r y - ^ ; —  beach and shallow submerged topset gravels
26236(gullies)----- j
26237
26238
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TABLE 13
GRAIN SIZE SAMPLING LOCALITIES AND NUMBERS 
(collected previously by Dr. K.A.W. Crook)
A.N.U. Number Description 6 Location
'
26541 Recent stream sediment from
26542 Wenga River at Sio Track Crossing.
26236 Sand Tewai River
26237 Fine gravel > Gorge near end of
26238 Medium gravel] lowest internal terrace.
32947
(1)(2)(3) Samples from Wenga River (Kumokio crossing)
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gravel to clay fraction at the one particular locality. Thus there 
would seem little point in drawing cumulative curves and calculating 
various parameters based on these samples. I considered it more 
useful to draw histograms of the grain size distribution of these 
samples (Tables 14-20 and Figs. 15-21) which would proviie a broad 
indication of the amount of clay* silt, sand, and fine g?avel present 
in any one sample.
The present-day flood bench above the Tewai River channel 
(Plate 6) consists of bed-load deposits which were probably deposited 
during a period of extremely high water discharge by the Tewai River 
during the ’wet1 season. Eieldwork during this ’wet’ season is not 
possible and fieldwork has to be carried out during the 'dry' season 
(April to October) when the discharge of the rivers are considerably 
less. However, by measuring the grain size of the particles on a 
traverse across each side of the flood bench, it was hoped to obtain 
an idea of the size distribution of the limestone fragments.
Fragments of similar size tended to be concentrated on the 
flood bench in distinct linear intervals parallel to the direction 
of flow of the river. Hence an indication of the grain size distri­
bution could be obtained by measuring the average grain size of the 
fragments in the particular linear interval and the width of the 
interval. The larger fragments were measured in situ whereas for 
smaller sand and silt-sized fragments, samples were taken and measure­
ments made back in Canberra. From these measurements (Tables 21, 22), 
grain size distribution diagrams could be drawn (Figs. 22, 23).
The other method used to determine grain size distribution 
was to measure the ten largest cobbles from the Tewai and Wenga 
Rivers (Table 23). It has been shown that the largest size from
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Sieve
size
TABLE 14
GRAIN SIZE ANALYSIS OF SAMPLE NO. 26236
Cumulative Cumulative
Weight (grms) Weight % Individual %
25 0.5 .15 .6 .6
35 1.0 .83 3.4 2.8
45 1.5 3.50 14.5 11.1
60 2.0 9.40 39.0 24.5
70 12 .61 52.4 13.4
80 2.5 15.96 64.5 12.1
100 18.92 78.5 14.0
120 3.0 21.26 88.5 10.0
140 22.56 93.5 5.0
170 3.5 23.13 95.9 2.4
200 23.51 97.5 1.6
230 4.0 23.82 98.9 1.4
275 23.84 98.9 0.0
325 4.5 24.00 99.5 0.6
silt 
6 mud >4.5 24.09 100.0 0.5
Cumulative weight calculated, to nearest 0.1 grm
15
38
34
30
26
22
18
14
10
6
2
117 .
HISTOGRAM OF GRAIN SIZE DISTRIBUTION OF SAMPLE No. 26236 .
Sample No. 26236
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TABLE 15
GRAIN' SIZE .ANALYSIS OF SAMPLE NO. 26237
Sieve Weight Cumulative Cumulative Individual
size 0 (grms) weight weight % i
7/8" -4.5 33.4 33.4 6.7 6.7
3/4" 9.7 43.1 8.6 1.9
5/8" -4.0 22.6 65.7 13.1 4.5
1/2" 68.3 134.0 26.8 13.7
7/16" -3.5 44.1 178.1 35.5 8.7
3/8" 71.5 249.6 49.7 14.2
5/16" -3.0 79.4 329.0 65.6 15.9
1/4" 73.0 402 .0 80.0 14.4
3h -2.5 23.9 425.9 82.8 2.8
4 38.4 464.3 93.3 11.5
5 -2.0 20.6 484.9 96.5 3.2
6 7.3 492.2 98.2 1.7
7 -1.5 5.8 498.0 99.2 1.0
8 2.2 500.2 99.8 0.6
10 -1.0 .8 501.0 100.0 0.2
12 .2 501.2 100.0 -
14 -0.5 .0 501.2 100.0 -
14 + >-0.5 .2 501.4 100.0 -
Weight and cumulative weight calculated to nearest 0.1 grm.
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FIGURE 16: HISTOGRAM OF GRAIN SIZE DISTRIBUTION OF SAMPLE No. 26237.
Sample No. 26237
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TABLE 16
GRAIN SIZE ANALYSIS OF SAMPLE NO. 26238
Sieve
size 0
Cumulative 
Weight (grms)
Cumulative 
weight %
Individual
1" 118.4 8.9 8.9
7/8" -4.5 358.6 26.9 18.0
3/4" 627.7 47.0 20.1
5/8" -4.0 743.3 55.7 8.7
1/2" 893.4 67.0 11.3
7/16" -3.5 974.9 73.0 6.0
3/8" 1068.5 80.0 7.0
5/16" -3.0 1157.3 86.7 6.7
1/4"(3) 1231.0 92.6 5 .9
3ig -2.5 1255.9 94.1 1.5
4 1294.6 97.1 3.0
5 -2.0 1315 .1 98.8 1.7
6 1322.5 99.2 0.4
7 -1.5 1328.3 99.5 0.3
8 1330.4 99.8 0.3
10 -1.0 1331.2 99.9 0.1
12 1331.5 100.0 0.1
14 -0.5 1331.5 100.0 0.0
Cumulative weight calculated to nearest 0.1 grm.
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FIGURE 17: HISTOGRAM OF GRAIN SIZE DISTRIBUTION OF SAMPLE No. 26238.
0
Sample No. 26238
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TABLE 17
GRAIN SIZE ANALYSIS OF SAMPLE NO. 26541
Sieve
size 0
Weight 
(grms)
Cumulative
weight
Cumulative 
weight % Individual %
5/8" -4.0 13.3 13.3 8.2 8.2
1/2" 17.6 30.9 18.9 10.7
7/16" -3.5 13.1 44.1 27.0 8.1
5/8" 9.5 53.6 32.0 5.0
5/16" -3.0 7.8 61.4 37.6 5.6
1/4"(3) 8.4 69.9 42.6 5.0
3^ 2 -2.5 7.5 77.4 46.4 3.8
4 8.1 85.5 52.4 6.0
5 -2.0 11.4 97.0 59.4 7.0
6 5.7 102.7 62.7 3.3
7 -1.5 4.1 106.8 65.2 2.5
8 4.5 111.4 68.1 2.9
10 -1.0 4.4 115 .9 70.7 2.6
12 1.0 116.9 71.4 0.7
14 -0.5 4.8 121.8 74.4 3.0
16 5.6 127.4 77.9 3.5
18 0 5.4 132.8 81.1 3.2
20 8.4 141.3 86 .4 5,3
25 0.5 7.1 148.4 90.7 4.3
35 1.0 7.7 156.1 95.6 4.9
45 1.5 4.3 160.4 98.1 2.5
60 2.0 1.0 161.5 98.7 0.6
120 3.0 0.3 161.8 98.9 0.2
230 4.0 .1 161.9 99.0 0.1
silt >4.0 1.6 163.5 100.0 1.0
Weight and cumulative weight calculated to nearest 0.1 grm
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FIGURE 18: HISTOGRAM OF GRAIN SIZE DISTRIBUTION OF SAMPLE No. 26541.
0 Sample No. 26541
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TABLE 18
GRAIN SIZE ANALYSIS OF SAMPLE NO. 32947(1)
Sieve
size 0
Weight
(grms)
Cumulative
weight
Cumulative 
weight % Individual %
1/2" 112.694 112.694 9.4 9.4
7/16" -3.5 58.202 170.896 14.4 5.0
3/8" 65.042 235.938 19.9 5.5
5/16" -3.0 69.593 305.531 25.7 5.8
1/4" 85.428 390.959 32.9 7.2
3*5 -2.5 49 .423 440.382 37.1 4.2
4 87.302 527.684 44.3 7.2
5 -2.0 67.711 595.395 50.2 5.9
6 49.062 644.457 54.2 4.0
7 -1.5 52.099 696.556 58.7 4.5
8 46.051 742.607 62.5 3.8
10 -1.0 41.333 783.940 65.8 3.3
12 43.752 827.692 69.5 3.7
14 -0.5 33.927 861.619 72.5 3.0
16 32.702 894.312 75.2 2.7
18 0 27.575 921.887 77.5 2.3
20 37.010 958.897 80.6 3.1
25 0.5 26.510 985.407 83.0 2.4
30 30.241 1015.648 85 .6 2.6
35 1.0 29.910 1045.558 88.2 2.6
45 1.5 47.631 1093.189 92.3 4.1
60 2.0 36.425 1129.614 95.0 2.7
80 2.5 23.490 1153.104 97'. 3 2.3
120 3.0 18.714 1171.818 98.6 1.3
170 3.5 9.028 1180.846 99.4 0.8
230 4.0 5.492 1186.338 99.8 0.4
>230 >4.0 2.169 1188.507 .100.0 0.2
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FIGURE 19: HISTOGRAM OF GRAIN SIZE DISTRIBUTION OF SAMPLE No. 32947(1).
Sample No. 32947 (l)
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TABLE 19
GRAIN SIZE ANALYSIS OF SAMPLE NO. 32947(2)
Sieve
size 0
Weight 
(grms)
Cumulative
weight
Cumulative 
weight % Individual %
1/2" 202.8 202.8 28.5 28.5
7/16" -3.5 31.6 234.4 33.0 4.5
3/8" 66 .1 300.4 42.2 9.2
5/16" -3.0 59.4 359.9 50.5 8.3
1/4" 59.0 419.0 58.8 8.3
3h -2.5 25.8 444.8 62.4 3.6
4 48.2 493.1 69.2 6.8
5 -2.0 38.1 5 31.2 74.7 5.5
6 23.2 554.5 77.9 3.2
7 -1.5 23.0 577.5 81.1 3.2
8 17.0 594.5 83.6 2.5
10 -1.0 13.3 607.9 85.4 1.8
12 12.0 620.0 87.2 1.8
14 -0.5 9.1 629.2 88.4 1.2
16 7.8 637.1 89.6 1.2
18 0 6.1 643 .1 90.4 0.8
20 8.3 651.5 91.6 1.2
25 0.5 6.2 657.7 92.4 0.8
35 1.0 22.5 680.3 95.7 3.3
45 1.5 10.3 690.6 97.1 1.4
60 2.0 7.4 698.0 98.0 0.9
80 2.5 4.6 702.7 98.6 0.6
120 3.0 4.0 706.7 99.4 0.8
230 4.0 3.4 710.2 99.7 0.3
silt >4.0 2 .0 712.3 100.0 0.3
Weight and cumulative weight calculated to nearest 0.1 grm.
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HISTOGRAM OF GRAIN SIZE DISTRIBUTION OF SAMPLE No. 3 2 9 4 7 ( 2 ) .
3 2 1 0 - 1 - 2 - 3 - 4
Sample No. 32947 12j
TABLE 20
GRAIN SIZE ANALYSIS OF SAMPLE NO. 32947(3)
Sieve
size 0
Weight
(grms)
Cumulative
weight
Cumulative 
weight % Individual
1/2" 132.7 132.7 10.4 10.4
7/16" -3.5 36.5 169.3 13.4 3.0
3/8" 48.4 217.8 17.2 3.8
5/16" -3.0 66.4 284.2 22.5 5.3
1/4" 65.3 349.6 27.6 5.1
3h -2.5 38.9 388.6 30.8 3.2
4 73.1 461.7 36.5 5.7
5 -2.0 65.2 527.1 41.7 5.2
6 47.4 574.4 45.4 3.7
7 -1.5 59.2 633.7 50.1 4.7
8 52.1 685.8 54.4 4.3
10 -1.0 49.3 735.2 58.2 3.8
12 52.5 787.7 62.4 4.2
14 -0.5 42.0 829.8 65.7 3.3
16 41.1 871.0 69.1 3.4
18 0 34.7 905.7 71.9 2.8
20 47.4 953.1 75.7 3.8
25 0.5 36.0 989.2 78.6 2.9
35 1.0 76.0 1065.2 84.5 5.9
45 1.5 61.0 1126.3 89.3 4.8
60 2.0 45.9 1172.3 93.1 3.8
80 2.5 30.9 1203.3 95.7 2.6
120 3.0 24.5 1227.8 97.6 1.9
230 4.0 20.7 1248.6 99.4 1.8
silt >4.0 7.4 1256.0 100.0 0.6
Weight and cumulative weight calculated to nearest .1 grm.
1 2 9 .
FIGURE 21: HISTOGRAM OF GRAIN SIZE DISTRIBUTION OF SAMPLE No. 3 2 9 4 7 ( 3 ) .
Sample No. 3 2 9 4 7 ^ 3 ^
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TABLE 21
GRAIN SIZE MEASUREMENTS ACROSS THE FLOOD BENCH ON THE 
N.W. BANK OF THE TEWAI RIVER
Interval Average grain size
All -0
(unless indicated)
16” 41cm 6mm 2.0-2.5
6” 15cm 54mm 5.5-6.0
11” 28cm 195mm 7.5-8.0
9” 23cm 38.5mm 5.0-6.0
6” 15 cm 7mm 2.5-3.0
22” 56cm 81mm 6.0-6.5
5” 13cm 27mm 4.5-5.0
48” 122cm 192mm 7.5-8.0
11” 28cm 75mm 6.0-7.5
12” 30cm 0.2mm +2.0-+1.5
12” 30cm 47mm 5.5-6.0
16” 41cm 7 mm 2.5-3.0
16” 41cm 118mm 6.5-7.0
9” 23cm 6 mm 2.0-2.5
13” 33cm 143mm 7.0-7.5
19” 48cm 10mm 3.0-3.5
10” 25cm 145mm 7.0-7.5
7” 18cm 5mm 2.0-2.5
00 CD 218 cm. 129mm 7.0-7.5
32” 81cm 7 7mm 6.0-6.5
oCO 76mm 19 0mm 7.5-8.0
9” 23cm 96mm 6.5-7.0
CDCM 73cm 25 3mm 7.5-8.0
38” 96 cm 12 8mm 7.0-7.5
38” 96cm 236mm 7.5-8.0
Width of bank Average
= 1295 cm = 107.3mm
131.
FIGURE 22: HISTOGRAM OF GRAIN SIZE DISTRIBUTION OF LIMESTONE FRAGMENTS
ON THE FLOOD BENCH ON THE N.W .BANK OF THE TEWAI RIVER.
X
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TABLE 22
GRAIN SIZE MEASUREMENTS ACROSS THE FLOOD BENCH ON THE 
S.E. BANK OF THE TEWAI RIVER
Interval Average grain size
All -0
(unless indicated)
31" 79 cm 12 3mm 6.5-7.0
55" 139cm 62mm 5,5-6.0
37" 93cm 131mm 7.0-7.5
23" 5 8cm 60mm 5.5-6.0
14" 35 cm 125mm 6.5-7.0
65" 166cm 228mm 7.5-8.0
14" 35 cm 20mm 4.0-4.5
23" 58cm 220mm 7.5-8.0
42" 106cm 5mm 2.0-2.5
18" 46 cm .25mm +2.0-+1.5
19" 49 cm 136mm 7.0-7.5
13" 33cm 5mm 2.0-2.5
15" 39 cm 142mm 7.0-7.5
15" 39 cm .25mm +2.0-+1.5
6" 15 cm 135mm 7.0-7.5
9" 23cm 35mm 5.0-5.5
26" 66 cm 193mm 7.5-8.0
13" 33cm 84mm 6.0-6.5
12" 30cm 5mm 2.0-2.5
28" 71cm 147mm 7.0-7.5
7" 18 cm 10mm 3.0-3.5
7" 18cm 150mm 7.0-7.5
9" 23cm . 5mm +1.0-+0.5
12" 30cm 73mm 6.0-6.5
24" 61cm 182mm 7.5-8.0
8" 20cm 5mm 2.0-2.5
10" 25 cm. 42mm 5.0-5.5
16" 41cm .5mm +1.0-+0.5
TABLE 22 (cont'd)
Interval Average grain size
All -0
(unless indicated)
15” 39 cm 76mm 6.0-6.5
26" 66cm 202mm o001LOr-
1 0 " 25cm . 5mm +1.0-+0.5
22" 56cm 67mm 6.0-6.5
10" 25 cm 117mm 6.5-7.0
10" 25 cm . 5mm +1.0-+0.5
15" 39 cm 25 8mm 00 0 1 00 cn
14" 35cm 61mm 5.5-6.0
27" 69cm 195mm oCO1m
Width of bank 
= 1828cm
Average 
= 108.05mm
FIGURE 2 3 : HISTOGRAM OF GRAIN SIZE  DISTRIBUTION OF LIMESTONE
FRAGMENTS ON THE FLOOD BENCH ON THE S . E.BANK OF THE 
TEWAI RIVER.
1 3 4 .
6 0 0  n
5 5 0  -
5 0 0  -
4 5 0  -
4 0 0  -
3 5 0  -
3 0 0  -
2 5 0  -
200 -
1 5 0  -
100 -
5 0  -
A
135
TABLE 23
THE LARGEST COBBLES FROM THE TEWAI AND WENGA RIVERS
(Specimen s collected from the active thalweg of the rivers)
1. ' Tewai River (All measurements in cm)
1
2
3
4
5
6
7
8 
9
10
90 x 52 x 40 
54 x 40 x 36 
90 x 70 x 40 
110 x 90 x 60 
64 x 50 x 30 
110 x 80 x 60 
80 x 55 x 25 
120 x 60 x 35 
95 x 55 x 40 
115 x 65 x 65
2. Wenga River (All measurements in cm)
1 250 X 160 X n o
2 310 X 270 X 140
3 -320 X 120 X 100
4 190 X 120 X n o
5 110 X 100 X 90
6 250 X 140 X 80
7 350 X 300 X 150
8 190 X 110 X 80
9 310 X 210 X 80
10 280 x 190 x 150
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unconsolidated gravels bears a direct relation to the mean size of 
the unconsolidated gravels (Schlee 1957, Pettijohn 1975).
As McBride (1971) has stated, grain size analyses are made for 
one or more of. the following reasons.
1. To describe samples in terms of statistical measures.
2. To correlate samples from similar depositional environments 
or stratigraphic units.
3. To determine the agent (wind, river, turbidity current, etc.) 
of transportation and deposition.
4. To determine the process (suspension, saltation, etc.) of 
final deposition.
5. To determine the environment of deposition (channel, flood 
plain, beach, dune, etc.).
In this thesis, the major ’reasons’ for these analyses are to 
describe the samples in terms of statistical measures (1) and to 
correlate these results with results obtained from other areas 
including environments where carbonate fragments are common, e.g. 
alluvial fans, glacial and periglacial environments (2). The process 
involved in the deposition of these fragments are also studied to 
some extent (4).
3.5.2.2 Results and Discussion
From the grain size analyses of the silt, sand, and fine
gravel fraction (Tables 14-20, Figs. 15-21), the measurement of the
bed load material on the flood plain bench above the Tewai River
channel (Tables 21, 22, Figs, 22, 23) and the measurement of the
ten largest boulders from the Tewai River (Table 23), an estimate 
of the overall grain size distribution of the limestome fragments
in the Tewai River can be obtained (Figs. 24, 25).
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The graph size distribution is based on the fact that the gravel 
is apparently unimodal with a peak at -7.50. The marriage of the weight 
frequency data (Figs. 15-21) and the data from the flood bench traverse 
(Figs. 22-23) was done by estimating tne weight percentage finer than 
-60 in the flood bench traverse and then using the weight frequency data 
to get the grain size distribution of this fraction.
The mode value is estimated to be -7,750 (i.e, be.tween -7.5 
and -80) which is based on the measurement of the bedload material 
(Figs. 22, 23). The mean value was also obtained from these measure­
ments of bedload material (Figs. 22, 23). From one traverse the 
median grain size diameter was 108mm (approx. -6.750) and from the 
other traverse the median grain size was 107mm (approx. -6.750). This 
mean value of -6.750 can be checked by comparing it to the ten largest 
boulders measured. Pettijohn (1975, p.159) figures a diagram which 
indicates that the largest boulder size is approximately ten times 
the geometric mean size. The mid-point of the largest dimension of 
the ten largest boulders from the Tewai River is approximately 95cm, 
which would indicate a mean size of 95mm (-6.550) for the limestone 
fragments from the Tewai River. This value of -6.550 is in good 
agreement with the mean value of -6.750.
The shape of the histogram, with the 'tail' in the ’fine’ side 
will mean that there will be a positive value for the skewness and 
the marked ’peakedness’ of the histogram will mean that the histogram 
is highly leptokurtic (Folk 6 Ward 1957).
Two very small 'peaks' in the histograms are worthy of attention. 
The 'peak* at about 1 to 2 0 is probably the result of two overlapping 
'populations’ of limestone fragments which result in this small peak. 
(For detailed comments on the three populations of bedload fragments, 
as recognised Moss (1962, 1963, 1968, 1972) as well as elongation 
function analyses, see section 3.6). The other very small peak is 
in the silt and clay fraction (>40), which represents the amount of
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carbonate mud present. This mud is a chemically precipitated calcium 
carbonate (For further detailed information on this carbonate mud see 
Section 3.5,4).
It should also be noted that there is a very small percentage, 
probably less than 2%, of fragments of rock types other than limestone 
in modern-day sediments of the Tewai River. Basalt fragments make up 
the majority of the non-limestone fragments found along the Tewai 
River with minor amounts of shale and sandstone fragments. However, 
the fact that these non-limestone fragments were not included in any 
of the measurements of grain size is not really significant, because 
of the very small percentage of non-limestone fragments. The fluvial 
calclithites (’the topset gravels') also contain a small percentage 
of basalt fragments.
3.5.2.3 Comparison Kith Other Carbonate Fragments from
Calclithites
As noted by both Bluck (1964) from his study of carbonate 
fragments from an alluvial fan, and Smith (1974) from his study of 
carbonate fragments from a braided outwash stream, there is a rapid 
decrease In size of carbonate fragments with distance of transport. 
Denny (1965) also records a rapid decrease in the size of carbonate 
fragments with distance of travel. Thus, it would seem to be 
pointless to simply compare carbonate fragment size from various 
calclithites without considering the distance the fragments have 
been transported.
In order to accurately compare the size of the carbonate 
fragments from all the different environments, it would be necessary 
to have an ’ideal situation’ in each environment where the size of
1 4 1 .
t h e  l im e s to n e  f ra g m e n ts  c o u ld  be m easu red  a t  c e r t a i n  d i s t a n c e s  o f  
t r a n s p o r t  a f t e r  t h e  l a s t  ’o u t c r o p ’ o f  l im e s t o n e .
U n f o r t u n a t e l y ,  o n ly  a  v e ry  few m easurem en ts  o f  c a r b o n a te  
f ra g m e n t  s i z e  have been  made and  i t  i s  n o t  r e a l l y  p o s s i b l e  t o  compare 
i n  any g r e a t  d e t a i l  t h e  s i z e  o f  t h e  c a r b o n a te  f r a g m e n ts  from  th e  R a i  
C o a s t  w i th  f r a g m e n ts  from  o t h e r  e n v i ro n m e n ts  and t o  make any d e f i n i t e  
c o n c l u s i o n s .  I t  can be  n o t e d ,  h ow ever ,  t h a t  th e  g r a i n  s i z e  d i s t r i b u t i o n  
o f  c a r b o n a te  f r a g m e n ts  from  b o th  t h e  p e r i g l a c i a l  ou tw ash  s t r e a m  (Sm ith  
1974) and  th e  B razos  R iv e r  (F o lk  & Ward 1957) I s  s i m i l a r  t o  t h e  s i z e  
d i s t r i b u t i o n  o f  t h e  c a r b o n a te  f r a g m e n ts  f rom  t h e  Tewai R i v e r .  The 
g r a i n  s i z e  d i s t r i b u t i o n  o f  c a r b o n a te  f r a g m e n ts  f rom  a r i d  and se m i-  
a r i d  e n v i ro n m e n ts  a s  r e c o r d e d  by D a p p le s  ( 1 9 4 1 ) ,  Bluck ( 1 9 6 4 ) ,  Denny 
( 1 9 6 5 ) ,  Ruhe (1 9 6 7 ) ,  and  W ilson  (1970)  a p p e a r s  t o  v a r y  q u i t e  c o n s i d ­
e r a b l y ,  w i th  W ilson (1970) r e c o r d i n g  a maximum c l a s t  s i z e  o f  35 f t . ,  
w h e re as  Ruhe (1967) r e c o r d s  a  m edian  d i a m e te r  o f  1.5mm f o r  c a r b o n a te  
f r a g m e n ts  from  t h e  Organ f a n .  T h is  v a r i a t i o n  i s  p r o b a b ly  due t o  th e  
d i s t a n c e  t r a n s p o r t e d .  H ence , i t  i s  f a i r l y  o b v io u s  t h a t  more i n f o r ­
m a t io n  i s  n ee d ed  b e f o r e  any  d e f i n i t e  c o n c lu s i o n s  can be drawn on t h e  
g r a i n  s i z e  d i s t r i b u t i o n  o f  c a l c l i t h i t e s  from  v a r i o u s  e n v i ro n m e n ts .
3 . 5 . 2 . 4  E x p e r im e n ta l  A b ra s io n  o f  C a r b o n a te  F ragm en ts
Numerous s t u d i e s  have  b een  made u s i n g  a b r a s i o n  m i l l s  o r  
tu m b l in g  b a r r e l s  t o  s tu d y  c h a n g e s  i n  shape  and s i z e  o f  p e b b le s  w i th  
d i s t a n c e  o f  t r a n s p o r t .  Many o f  t h e s e  s t u d i e s  have  in v o lv e d  th e  
s tu d y  o f  c a r b o n a te  p e b b le s  due  t o  t h e  f a c t  t h a t  c a r b o n a te  p e b b le s  
a r e  l e s s  r e s i s t a n t  to  w ear th a n  m ost o t h e r  r o c k  t y p e s ,  such  a s
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quartzites and chert, and hence the effects of transport can be 
observed more readily on carbonate pebbles.
These experiments began with Daubree in the 1870’s. However, 
it was rot until the 1930ls and 1940’s that this subject was again 
studied in detail. These studies used an abrasion mill or tumbling 
barrel. More recently, however, circular moats have been used in 
experimental abrasion studies (e.g. Kuenen 1956, 1959).
In this particular section, only the experimental studies 
involving grain size are studied •
Krumbein (1941) found that a limestone fragment with an 
initial weight of 155 grams decreased in weight to approximately 
62 grams after 20 miles of travel in the tumbling mill (i.e. 
approximately 40% of its original weight) (Fig. 26). Krumbein also 
studied the roundness and sphericity of these limestone fragments 
during travel.
Kuenen (1956, 1959, 1964) performed a series of experiments 
using limestone cubes in a series of simulated environments. Kuenen 
also published a number of other papers on experimental abrasion by 
such forces as aeolian action, frosting and defrosting and wet 
sandblasting. However, in light of the aims and objectives of this 
thesis, only abrasion by fluviatile action and surf action were 
studied in some detail. In his study published in 1956, Kuenen 
studied abrasion of pebbles rolled in a large concrete basin by a 
revolving current, both on a sandy and on a pebbly floor. This method 
is thought to be more realistic than the customary tumbling mill 
experiments. Kuenen found that the loss of weight of the limestone 
depended on;
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FIGURE 26: EXPERIMENTAL ABRASION OF LIMESTONE FRAGMENTS AND GRAIN
SIZE DISTRIBUTION OF PREDOMINANTLY GRAVEL-SIZED SEDIMENTS.
A. Change in size and morphology of limestone fragments 
with distance travelled. (After Krumbein 1941)
B. Grain size distribution of gravels from various 
environments (After Pettijohn 1975)
A. Glacial outwash gravel D,E. Beach gravels
B. Fluviatile gravel F. Gravel from a till
C. Flood gravel
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1. The original shape of the limestone fragments
2. The percentage of sand with the gravel on the "floor’1
3. The stream velocity
Kuenen (1956) notec. the following abrasion processes: splitting 
(breaking), crushing, chipping, cracking (superficially), and grinding. 
Initially, chipping is dominant in the abrasion of the limestone fragments 
but this is succeeded by cracking. Kuenen also notes that splitting is 
rarely the result of impact whereas breaking does occur and must be 
attributed to weathering.
Kuenen (1959) repeated his earlier experiments but also introduced 
smaller fragments down to 0.4mm. Kuenen concluded that mechanical 
fluviatile abrasion of small pebbles is slight (Figs. 27, 28).
Kuenen (1964) also studied experimental pebble abrasion in a 
machine which simulated surf action. Numerous experiments involving 
various sizes of limestone fragments were performed. Kuenen concluded 
that:
’... A medium-sized pebble of limestone should lose about 1%
(of weight) per hour on a sandy beach and 2% on a pebbly berm.
It should, therefore, take about one day of continuous action
for it to become a typical well-rounded beach pebble ...'
However, as Kuenen points out, firstly, that a single pebble is 
not "in action" continuously but rather at infrequent intervals and 
secondly, the experiments do not form a very close imitation of natural 
beach action and that more field work is needed.
3,5,2.5 Gravels from Different Environments
Gravels are the coarsest product of erosion and are usually only 
moved short distances from their place of origin. Gravels can be found 
as glacial outvash, as alluvial gravel, and as beach gravels. The size
1 4 5 .
FIGURE 27: EXPERIMENTAL ABRASION OF LIMESTONE CUBES. (AFTER KUENEN 1959)
Change i n  s i z e  w i t h  d i s t a n c e  t r a v e l l e d .
m m
Loss over 16km
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FIGURE 2 8 :  EXPERIMENTAL ABRASION OF LIMESTONE CUBES. (AFTER KUENEN 1959)
P e r c e n t a g e  l o s s  i n  s i z e  w i t h  d i s t a n c e  t r a v e l l e d .
0.2 — ■
Lith. limestone
all velocities combined
0  1 ■
16 km
-----1
------15 _ 32 km
32-  64 km
10 11 12 13 14 15 mm
c u b e s
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characteristics of these gravels can vary considerably from unimodal 
beach gravels to bimodal alluvial gravels (Fig. 26).
In this section, the limestone gravels from the Rai Coast are 
compared to alluvial gravels from several different areas.
Alluvial gravels are commonly found in mountainous areas or 
as a result of certain climatic conditions, e.g. glaciation. Alluvial 
gravels are commonly bimodal with the chief mode in the gravel class 
and the second mode in the sand grade. Pettijohn (1975) notes that 
these modes are usually 4 to 5 grades apart and thus the chief mode 
has a diameter 16 to 32 times that of the material in the secondary 
mode. The quantity of material in the modal classes are small (usually 
less than 30% in the primary (chief) mode and less than 10% in the 
secondary mode). Kukal (1970) states that channel sediments of 
mountain streams typically have the following parameters:
(a) The Median varies between 0.1 and 0.8mm.
(b) Phi Deviation Measure (o0) ranges from 0.4 to 2.58 
(A common value is approximately 1.0)
(c) Phi Skewness («^) varies between -0.68 and 0.53. The negative 
values are roughly of the same frequency as the positive ones.
The bimodality has been explained in a number of ways. One 
theory is that bimodality results from mixing of material transported 
in two different ways, i.e. as bed-load and as suspension load. The 
gravel fraction is moved by traction and the finer fraction by suspension. 
Another theory is that abrasion of initially homogeneous material 
results in bimodal sediments. Yet another theory is that the bimodal 
sediments result from infiltration of finer-grained material into 
previously deposited coarser material. However, the most likely
1 4 8 .
e x p l a n a t i o n  i s  t h a t  b im o d a l  s e d im e n ts  d e v e lo p  in  th o s e  d e p o s i t s  w hich 
were n o t  l a i d  down i n  one p h a se  b u t  have  been  rew orked  and r e d e p o s i t e d .
However, t h e  h i s to g r a m  ( F ig .  24) b a s e d  on t h e  r e s u l t s  o f  t h e  
v a r i o u s  m easu rem en ts  o f  t h e  c a r b o n a te  f r a g m e n ts  from t h e  Tewai R i v e r ,  
i n d i c a t e s  o n ly  a  s i n g l e  mode. T h is  seems t o  s u g g e s t  t h a t  t h e  h i s to g r a m  
i s  b a s e d  on d a t a  w hich i s  n o t  c o m p le te ly  a c c u r a t e .  P o s s i b l y ,  t h e  o n ly  
way t o  t e s t  w h e th e r  t h i s  d a t a  i s  a c c u r a t e  i s  t o  m easu re  a  s u f f i c i e n t l y  
l a r g e  sam ple o f  t h e  b e d lo a d  o f  t h e  Tewai R iv e r  t o  e n s u re  as  l i t t l e  
e r r o r  a s  p o s s i b l e .  However, t h i s  i s  n o t  r e a l l y  p r a c t i c a l  and 
u n f o r t u n a t e l y ,  t h e r e  does  n o t  seem t o  be any  e a s y  method t o  c o n f i rm  
t h a t  t h e  s t r e a m  s e d im e n ts  from t h e  Tewai R iv e r  a r e  un im oda l  and  t h u s  
d i f f e r  from  many o t h e r  a l l u v i a l  g r a v e l s  w hich  a r e  b im o d a l .
3 . 5 . 3  P a r t i c l e  M orphology
3 . 5 . 3 . 1  I n t r o d u c t i o n
Under t h e  g e n e r a l  h e a d in g  o f  p a r t i c l e  m o rp h o lo g y ,  I  have 
i n c l u d e d  th e  p a r a m e te r s  o f  s h a p e ,  s p h e r i c i t y ,  and r o u n d n e s s .
As i s  t h e  c a se  i n  t h e  m easu rem en t o f  g r a i n  s i z e ,  t h e r e  a r e  
a  number o f  r e a s o n s  why t h e  m easurem ent o f  t h e s e  p a r a m e te r s  a r e  made. 
These i n c l u d e :
1 . The d e s c r i p t i o n  o f  t h e  sam p les  i n  te rm s  o f  t h e  s t a t i s t i c a l  
m e a s u r e s .
2. To c o r r e l a t e  t h e  sa m p le s  from  s i m i l a r  d e p o s i t i o n a l  e n v i r o n m e n ts ,  
s t r a t i g r a p h i c  u n i t s  o r ,  i n  t h e  c a se  o f  t h i s  t h e s i s ,  from  s i m i l a r  
a r e a s  w here t h e r e  i s  a c t i v e  m e c h a n ic a l  e r o s i o n  o f  c a r b o n a te  
r o c k s  and c a l c l i t h i t e s  a r e  f o rm in g .
3. To d e te r m in e  th e  e n v iro n m e n t  o f  d e p o s i t i o n  and p r o c e s s e s  
i n v o lv e d  i n  th e  d e p o s i t i o n  o f  t h e  p a r t i c l e s  ( p a r t i c u l a r l y
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with respect to any possible differences between deposition 
in a fluviatile and a beach environment)
4. To study changes in particle morphology with respect to
distance travelled.
All these four 'reasons’ are studied in some detail in this section.
Collections of limestone pebbles from a number of localities 
along the Tewai and Wenga Rivers were made (Table 24, Fig. 29).
From these collections, the measurements of particle sphericity and 
roundness could be made and changes in these parameters with distance 
travelled, were noted.
3.5.3.2 Pebble Shape : Introduction
Pebble shapes have often been described under the classi­
fication of Zingg (1935) viz. Blade, Roller, Disc, and Sphere. These 
shapes are based on the ratios b/a and c/b where a = length, b = breadth, 
and c = thickness of the particular particle. This classification 
was improved on by Sneed and Folk (1958) who produced a 'form triangle' 
based on the measurement of the 3 axis (long, intermediate, and short 
axis) of the particular pebble. The four major 'categories' listed 
by Sneed and Folk (1958) were Elongate, Bladed, Platy, and Compact. 
Intermediate categories of pebble form could also be determined from 
the 'form triangle'. The shape measurements of the limestone pebbles 
from the Tewai River were based on the methods and classification 
developed by Sneed and Folk.
Several other formula have been put forward which are also a 
measure of particle shape, however, these measures are only rarely used.
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F leid 
No.
TR1-20A
TRI-20B
TRI-21A
TRI-21B
TRI-22A
TRI-22B
TRI-23A
TRI-23B
TRI-24A
TRI-24B
TR2-9
TR3-1
TR3-2
TR4-2
TR4-3
TABLE 24
j?ARTICLE M0FRH0L0GY SAMPLE LOCALITIES AND NUMBERS
A.N.U.
No. Description and Location
26542
26238
26241
26242
26243
26244
26245
26246
26247
26248
26249
26250
34976
34977
34978
34979
34980
34981
34982
34983
34984
34985
34987
34988
34989
34991
34992
Gravel - Wenga River (Sio Track Crossing)
Medium gravel - up Tewai Gorge (near the end 
of lowest internal terrace)
Fine gravel -j
(• Tewai River at bridgeCoarse gravel;
Fine gravel 
Coarse gravel]
Fine gravel >
Coarse gravel]
Fine gravel j ßenc-11 ridge loom northwest 
Coarse gravel] of Tewai mouth
; Wave beach, 15rn northwest 
of Tewai mouth
Storm ridge, 50m northwest 
of Tewai mouth
Fine gravel 
Coarse gravel]
Bench ridge, approx. 400m 
northwest of Tewai mouth
Fine gravel  ^
Coarse gravel] 
Fine gravel 
Coarse gravel] 
Fine gravel > 
Coarse gravel] 
Fine gravel  ^
Coarse gravel] 
Fine gravel > 
Coarse gravel] 
Fine gravel 
Fine gravel > 
Coarse gravel^ 
Fine gravel 
Coarse gravel
Tewai River near mouth
Wave beach 30m northwest 
of Tewai mouth
Storm ridge 100m northwest 
of Tewai mouth
Storm ridge 200m northwest 
of Tewai mouth
Storm ridge 600m west of 
Tewai mouth
From Tewai River gorge area 
From Tewai River bridge
From Tewai River gorge area
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FIGURE 29: LOCATION OF PARTICLE MORPHOLOGY SAMPLES.
Wenga delta
apparent boundaries of delta
L (grawcf?)
/  ,U (coral)modem reef —
26542
2 6 2 4 9
2 6 2 5 0
34984
34985
26247
26248
34980
34981
34978
34979
26243
26244
34976
34977
beach and shallow submerged topset gravels
0 mile 0.5
0 5 kilometer \
26241
26242
34988
34989
34991
34992
Tewai delta
34987
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Wentworth (1919) introduced the flatness ratio and the roundness 
ratio where the flatness ratio = — -—  (where A = length, B = breadth,
O
A+Band C = thickness). The roundness ratio is equal to . Cailleux
L+lused his own flatness ratio (Fr) which is equal to ~ ~  (where L = greatest
Z  L j
length, 1 = greatest width, and E = greatest thickness measured normal 
to L and 1). The Elongation index (the ratio of the greatest width to 
the greatest length) has been used by Folk (1974) who suggested a scale 
ranging from very elongate (under .60) to very equant (over .75).
3.5.3.3 Pebble Shape : Results and Discussion
The results from the series of pebble shape measurements are 
listed in Tables 25, 26 and plotted onto triangular form diagrams 
(Figs. 30-33).
Only one set of results (Fig. 32) shows any clear trend in 
change in pebble form with distance travelled. This trend is from 
'Bladed' pebbles to 'Compact bladed’ pebbles, i.e. the pebbles are 
becoming more spherical.
The fact that only one series of measurements indicates a trend 
from ’bladed' to 'compact bladed’ pebbles, would appear to indicate 
that this result is anomalous and there is no real change in pebble shape 
with distance travelled, as indicated in the other three sets of results. 
However, I am reluctant to draw any conclusions as to which set of results 
is correct because of the relatively small number of pebbles measured 
and I consider many more measurements are needed before any definitive 
conclusions can be drawn. It would be preferable to measure larger 
numbers of pebbles at each sampling locality, thus decreasing experimental 
error, and to increase the number of sampling localities along the Tewai 
River. Hov/ever, it should be noted that one particular factor that 
may influence these results is the supply of limestone fragments from
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TABLE 25
M E M  VALUES OF PEBBLE SHAPE MEASUREMENTS
Location, Sample Number 
and Environment
Tewai River: Fine Gravel:; 16-32mm 
(Plotted on Fig. 30)
TR1-20A 34976 Fluviatile
TRI-21A 34978 Mar:.ne
TRI-22A 34980 Marine
TRI-23A 34982 Marine
TRI-24A 34984 Marine
TR2-9 34987 Fluviatile
TR3-1 349 88 Fluviatile
TR4-2 34991 Fluviatile
Tewai River: Coarse 
(Plotted on
Gravel: 32-64mm 
Fig. 31)
TRI-20B 34977 Fluviatile
TRI-21B 34979 Marine
TRI-22B 349 81. Marine
TRI-23B 34983 Marine
TRI-24B 34985 Marine
TR3-2 34989 Fluviatile
TR4-3 34992 Fluviatile
Samples TRI-20A, 21A, 22A, 23A, 24A
22B, 23B, 24B,
S
L
L-I
L-S s/E/ LI No. : Fig.
.532 .540 .722 4
.460 .517 .643 5
.461 .556 .682 6
.472 .515 .673 7
.528 .479 .712 8
.470 .608 .701 1
.513 .563 .711 3
.508 .529 .699 2
No.
Fig.
.501 .508 .694 3
.440 .536 .669 4
.407 .401 .609 5
.376 .419 .587 6
.410 .571 .640 7
.461 .511 .661 2
.467 .554 .658 1
2-9, 3-1, and 4-2 have 50 pebbles.
3-2, and 4-3 have 25 pebbles.Samples TR1-20B, 21.B,
V-
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FIGURE 30: PLOT OF LIMESTONE PEBBLE SHAPES ON THE FORM TRIANGLE.
The points 1-8 are the plots of the average of the 50 clasts from the samples 
listed in Table 25. The plots 1-8 represent a sequence indicating increased 
distance of transport along the Tewai River and along the beach at the mouth 
of the Tewai River. No. 1 is furthest upstream and No. 6 is furthest from 
the mouth of the Tewai River (Fig. 29).
L = LONG DIAMETER 
I = INTERMEDIATE DIAMETER 
S= SHORT DIAMETER
COMPACT
L-S
BEADED
155.
■
FIGURE 31: PLOT OF LIMESTONE PEBBLE SHAPES ON THE FORM TRIANGLE.
The points 1-7 are the plots of the average of the 25 clasts from the samples 
listed in Table 25. The plots 1-7 represent a sequence indicating increased 
distance of transport along the Tewai River and along the bead at the mouth 
of the Tewai River. No. 1 is furthest upstream and No-. 7 is furthest from 
the mouth of the Tewai River (Fig. 29).
.= LONG DIAMETER 
L INTERMEDIATE d ia m e t e r
|5= SHORT DIAMETER COMPACT
ELONGATED
L-S
BEADED
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TABLE 26
MEAN VALLES OF PEBBLE SHAPE MEASUREMENTS
Location, Sample Number 
and Environment
Fine Gravel: 16-32mm
in L-I
L-S JEV LI
Wenga River
26542 Fluviatile .466 .476 .648
Tewai River (Plotted on Fig. 32) No. i Fig.
26238 Fluviatile .452 .551 .669 1
26241 Fluviatile .469 .568 .679 2
26243 Marine .486 .551 .692 3
26245 Marine .506 .580 .708 4
26247 Marine .558 .515 .732 5
26249 Marine .557 .545 .740 6
Coarse Gravel: 32-64mm
Tewai River (Plotted on Fig. 33) No. - Fig.
26238 Fluviatile .476 .534 .680 1
26242 Fluviatile .524 .555 .708 2
26244 Marine .486 .605 .707 3
26246 Marine .452 .445 .681 4
26248 Marine .504 .548 .696 5
26250 Marine -- V «498 .452 .684 6
All samples have 25 pebbles, except 26238 which has 50 pebbles 
(25 coarse and 25 fine-gravel pebbles).
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FIGURE 32: PLOT OF LIMESTONE PEBBLE SHAPES ON THE FORM TfTANGLE.
The points 1-6 are the plots of the average of the 25 clasts from the samples 
listed in Table 26. The plots 1-6 represent a sequence indicating increased 
distance of transport along the Tewai River and along the beach at the mouth 
of the Tewai River. No. 1 is furthest upstream and No. 6 is furthest from
the mouth of the Tewai River (Fig. 29).
L= LONG DIAMETER
I = INTERMEDIATE DIAMETER
S= SHORT DIAMETER C£)MpACT
.0 ^
ELONGATED
L-S
BLADED
FIGURE 33: PLOT OF LIMESTONE PEBBLE SHAPES ON THE FORM TRIANGLE.
The points 1-6 are the plots of the average of the 25 clasts from the samples 
listed in Table 26. The plots 1-6 represent a sequence indicating increased 
distance of transport along the Tewai River and along the beach at the mouth 
of the Tewai River. No. 1 is furthest upstream and No. 6 is furthest from 
the mouth of the Tewai River (Fig. 29).
L = LONG DIAMETER 
1= INTERMEDIATE DIAMETER
S=SHORT DIAMETER COMPACT
~ I.G
ELONGATED: L - i
L - S
BLADED
159.
various sources into the Tewai River between the 'first' and 'last' 
sampling points along the river. These sources include the topset and 
the foreset gravels, where limestone clasts already have a high value 
of sphericity, and the limestone terraces of the uplifted reef sequence 
where, presumably, the fragmentsweathered out would have low sphericity 
values. Ideally, there should be no further outcrops of limestone 
between the two endpoints over the distance where the sphericity 
measurements were made to ensure there is no 'contamination' from 
'outside sources', such as those listed.
3.5.3.4 Sphericity : Introduction
Sphericity has been defined by Pettijohn (1975) as s/S where
s is the surface area of a sphere of the same volume as the fragment
in question and S is the actual surface area of the object. A number
of different parameters for the measurements of sphericity have been
used, e.g. those devised by Wadell (1935) and Krumbein (1941). However,
the most commonly used formula for sphericity is the one devised by
Sneed and Folk (1958) which they termed the Maximum Projection
,/s2"Sphericity (4»p) where i/j = y yy where L = longest axis, I = inter­
mediate axis, S = short axis. This formula is Used for the sphericity 
measurements of the limestone pebbles from the Tewai River. This 
measure of sphericity takes into consideration the hydraulic behaviour 
of the particle and thus is probably the most actualistic concept of 
sphericity. Sneed and Folk (1958) integrate this value of sphericity 
(^ ) (which they refer to as the Effective Settling Sphericity) in their
'form triangle'.
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3.5.3,5 Sphericity Measurements : Results and Discussion
The results from the series of sphericity measurements (mean 
values and standard deviation) are listed in Tables 27, 28 and the 
graph illustrating change in sphericity with distance travelled in 
Figs. 34, 35.
Although one graph (sample nos. 26238-26249) (Fig..35) shows 
a linear increase in sphericity with distance travelled, the other 
three graphs indicate that the sphericity of the pebbles at the 
furthest point sampled up the Tewai River is approximately equal to 
the sphericity of the beach pebbles at the extreme margin of the 
Tewai Delta. Due to experimental error, there are variations in 
sphericity values between the two end-points. Thus, it must be 
decided whether there really is an increase in sphericity with 
distance travelled.
My conclusion is that there probably is a very small increase 
in sphericity with distance travelled but not as great as indicated 
in Fig. 35. The difference between this graph and the other three, 
which show no increase in sphericity with distance travelled, is 
probably best explained by the large standard deviation due to the 
relatively small number of pebbles.measured. More accurate results 
could well be obtained if larger numbers of pebbles were measured 
at each locality.
The other factor to influence the results is the supply of 
limestone fragments from various sources along the Tewai River, as 
discussed previously in Section 3.5.3.3.
It is assumed that the distance travelled by the marine samples 
along the beach from the river mouth is undirectional and linear.
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TABLE 27
MEAN VALLES OF SPHERICITY MEASUREMENTS
Location,
Sample No.
& Environment
(Plotted on Fig. 34)
Fine gravel 
16-32mm
Coarse gravel 
32-64mm
Tewai River Mean StandardDeviation Mean
Standard
Deviation
TR1-20A (34976) Fluviatile .722 .11
TR1-20B (34977) Fluviatile .694 .10
TR1-21A (34978) Marine .643 .09
TR1-21B (34979) Marine .669 .09
TR1-22A (34980) Marine .682 .10
TR1-22B (34981) Marine .609 .11
TR1-23A (34982) Marine .673 .12
TR1-23B (34983) Marine .587 .12
TR1-24A (34984) Marine .712 .10
TR1-24B (34985) Marine .640 .08
TR2-9 (34987) Fluviatile .701 .09
TR3-1 (34988) Fluviatile .711 .10
TR3-2 (34989) Fluviatile .661 .08
TR4-2 (34991) Fluviatile .699 .10
TR4-3 (34992) Fluviatile .658 .06
Samples TR1-20A , 21A, 22A, 23A , 24A,*-2-9, 3-1, 4-2 have 50 pebbles.
Samples 1-20B, 21B, 22B, 23B, 24B, 3-2, 4--3 have 25 pebbles.
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FIGURE 34: SPHERICITY OF LIMESTONE PEBBLES FROM THE TEWAI RIVER AREA
CHANGE IN SPHERICITY WITH DISTANCE TRAVELLED DOWN THE TEWAI 
RIVER AND ALONG THE BEACH AT THE MOUTH OF THE TEWAI RIVER
Fine Gravel
16 -32m m
-75 i
2-9 4-2 3-1 I-20A 1-21A I-22A 1-23A 1-24A
34991 3 T O  34976 3437*3 24e?yJ-
Coarse Gravel
32 -  64mm
-70 -
-65 -
■60 -
4-3 3-2 I-20B 1-21B I-22B I-23B I-24B
249)2 34977 34-979 34431
ScaSe
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TABLE 28
MEAN VALUES OF SPHERICITY MEASUREMENTS
L o c a tio n  
Sam ple No.
6 E n v iro n m en t
'i
(16-32cm )
F in e  g r a v e l
(3 2 -
C o arse
64cm)
g r a v e l
( P l o t t e d  on F ig .  35) w S ta n d a rd
-------  D e v ia t io n Mean
S ta n d a rd
D e v ia tio n
Wenga R iv e r
26542 F l u v i a t i l e .648  .09
Tew ai R iv e r
26238 F l u v i a t i l e .669 .1 2 .680 .10
26241 F l u v i a t i l e .679
C
O
0
.
26242 F l u v i a t i l e . .708 .10
26243 M arine .692 .0 8
26244 M arine .707 .08
26245 M arine .708 .07
26246 M arine .681 .09
26247 M arine .732 .08
26248 M arine .696 .07
26249 M arine .740 .07
26250 M arine .684 .08
25 p e b b le s /  sam ple  e x c e p t  26238 w hich had  
g r a v e l  p e b b le s ) .
50 p e b b le s  (25 c o a r s e  and 25 f i n e
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FIGURE 35: SPHERICITY OF LIMESTONE PEBBLES FROM THE TEWAI RIVER AREA
CHANGE IN SPHERICITY WITH DISTANCE TRAVELLED DOWN THE TEWAI 
RIVER AND ALONG I HE BEACH AT THE MOUTH OF THE TEWAI RIVER
Fine Gravel
262492624726241 26243 2624526238
Scale
Coarse Gravel
262502624226238 26246 2624826244
1 6 5 .
The c o n c lu s i o n s  t h a t  t h e r e  i s  o n ly  a  v e ry  s m a l l  i n c r e a s e  i n  
s p h e r i c i t y  w i th  d i s t a n c e  t r a v e l l e d  a p p e a r s  t o  be i n  f a i r l y  c l o s e  
a g re e m e n t  w i th  t h e  e x p e r im e n ta l  r e s u l t s  o b t a i n e d  by Krumbein (1941) 
and a c t u a l  r e s u l t s  from  r i v e r s  i n  t h e  U .S .A . o b t a i n e d  by P lum ley  
(1948) and Sneed and F o lk  (1 9 5 8 ) .
3 . 5 . 3 . 6  Ro undness  : I n t r o d u c t i o n
G ra in  ro u n d n e s s  can be d e f i n e d  a s  a  d e s c r i p t i o n  o f  g r a i n  
s u r f a c e  c u r v a t u r e  o r  t h e  d e g re e  o f  c u r v a t u r e  o f  c o r n e r s .  Wentworth 
(1919) f i r s t  m easu red  r o u n d n e s s  q u a n t i t a t i v e l y  and d e f i n e d  i t  a s  r ^ /R  
w here r^ i s  th e  r a d i u s  o f  c u r v a t u r e  o f  th e  s h a r p e s t  edge and  R i s  
o n e - h a l f  o f  t h e  l o n g e s t  d i a m e t e r .  W adell  (1932) d e f i n e d  r o u n d n e s s  a s  
t h e  r a t i o  o f  t h e  a v e ra g e  r a d i u s  o f  c u r v a t u r e  o f  t h e  s e v e r a l  c o r n e r s  
o f  ed g es  t o  t h e  r a d i u s  o f  c u r v a t u r e  o f  t h e  maximum i n s c r i b e d  s p h e r e .  
T h is  c a n  be e x p r e s s e d  a s
£ £ ± )
Roundness (P) ( rh o )  = — - —  where r .  = i n d i v i d u a l  r a d i i  o fN l
t h e  c o r n e r s ,  N = th e  number o f  c o r n e r s  and R i s  th e  r a d i u s  o f  t h e  
maximum i n s c r i b e d  c i r c l e .
The r o u n d n e s s  g ra d e  o f  R u s s e l l  and T a y lo r  (1937) i s  b a s e d  
upon th e  W adell r o u n d n e s s  v a lu e s  and  f i v e  r o u n d n e s s  g r a d e s  a r e  
d e f i n e d .  These a r e  ( w i th  t h e i r  c l a s s  l i m i t s  and a r i t h m e t i c  m id­
p o i n t s  )
1 . A ngula r 0 - .15 ( . 0 7 5 )
2. S u b a n g u la r .15 - .3 ( . 2 2 5 )
3. Subrounded .3 - .5 ( . 4 )
4. Rounded .5 - .7 ( . 6 )
5. W e ll - ro u n d e d .7 - 1 .0 ( . 8 5 )
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However, as Pettijohn (1975) notes, the classes are not equal 
and he redefines the class limits in such a way that the mid-points of 
the classes form an approximate geometric progression. These are as 
follows:
1 . Angular 0 1 cn (.125)
2. Subangular .15 - .25 (.2)
3. Subrounded .25 - .4 ( .315)
4. Rounded .4 - .6 (.5)
5 . Well-rounded .6 - 1.0 (.8)
(Geometric mid-points except for angular class)
An alternative method was developed by Powers(1953) who named
and defined six grades (the extra grade being 'very angular') in such
a way that the class limits closely approximate a/2* geometric scale.
Powers (1953) produced a series of photographic charts of sand grains
which clearly illustrate these six grades of roundness. Folk (1974)
devised a logarithmic scale (based on rho(p)) for the Powers scale.
The limits of the very angular class are 0.0 to l.Op, and the very
round class ace 5.0 to 6.Op on the Folk scale.
Apart from the Wadell measure of roundness, which involves
measurements of the average radius of curvature of all corners, there
are other formula which has been devised to measure roundness but
which involve only the diameter of curvature of the sharpest corner
(D,,). The measure of roundness first introduced by Wentworth (1919)K J
Dkviz. roundness = —  where L = long axis length, has been used by many JL
geologists.
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Kuenen (1956) modified this slightly and used the formula 
D /I (where I = intermediate axis length) as a measure of roundness.
■K
Dobkins and Folk (1970) modified this formula again and
introduced what they termed as the Modified Wentworth Roundness (R )
J wt
Dk'where R  ^ - where D. = diameter of largest inscribed circle,wt i
Finally, Swan (19r^-) modified the Waddell formula and used 
rl+r2 /the formula — -—  / R^ where r^ and r2 are the radii of curvature of 
the two sharpest corners and R^ is the radius of the maximum inscribed 
sphere.
For the roundness measurements of the limestone pebbles from 
the Tewai River, I decided to use both the Dobkins and Folk and the 
Swan formulas. The reason for this was to see if there was any 
significant difference between these two formulas, and if so, which 
was the better formula to use for roundness measurements. I also 
decided to make visual observations of pebble roundness using the 
Power's scale. The reason for this was to compare the roundness 
estimated visually with the measured roundness.
3.5.3.7 Roundness Measurements : Results and Discussion
The results from the series of roundness measurements (mean 
values and standard deviations) are listed in Tables 29-31 and the 
graph illustrating change in roundness with distance travelled in 
Figs. 36-38.
It is assumed that the distance travelled by the marine 
samples along the beach from the river mouth is undirectional and 
linear.
All these graphs, both for the fine and coarse gravel and 
also for both the Swan and the Dobkins and Folk formula, indicate 
that there is a general increase in roundness with distance travelled 
down the Tewai River and along the beach at the mouth of the Tewai
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TABLE 29
KEAN VALUES OF ROUNDNESS MEASUREMENTS 
(using the Dobkins 6 Folk (1970) formula)
Location 
Sample No.
6 Environment
(Plotted on Fig. 36)
Tewai River
Fine gravel Coarse gravel
(16-32mm) (32-64mm)
Mean Standard StandardDeviation -S£EL Deviation
TR1-20A (34976) Fluviatile .332 00o•
TR1-20B (34977) Fluviatile .413 .08
TR1-21A (34978) Marine .435 .11
TR1-21B (34979) Marine .374 .10
TR1-22A (34980) Marine .388 .10
TR1-22B (34981) Marine .37 .10
TR1-23A (34982) Marine .480 .09
TR1-23B (34983) Marine .47 .08
TR1-24A (34984) Marine .475 .09
TR1-24B (34985) Marine .41 .09
TR2-9 (34987) Fluviatile .34 .10
TR3-1 (34988) Fluviatile .29 .07
TR3-2 (34989) Fluviatile .33 .10
TR4-2 (34991) Fluviatile .31 .07
TR4-3 (34992) Fluviatile .32 .07
Samples TR1-20A, 1-21A, 1-22A, 1-23A, 1-24A, 2-9, 3-1, and 4-2 have
50 ]pebbles.
Samples TR1-20B, 1-21B, 1-22B, 1-23B, 1-24B, 3-2, and 4-3 have
25 pebbles.
169.
FIGURE 36: ROUNDNESS OF LINE STONE PEBBLES FROM THE TEWAI RIVER AREA
CHANGE IN ROUNDNESS WITH DISTANCE TRAVELLED DOWN THE TEWAI
RIVER AND ALONG THE BEACH AT THE MOUTH OF THE TEWAI RIVER 
(Using the Dobkirs and Folk (1970) roundness formula)
Fine Gravel
2-9 4-2 3-1
34-^7 3 ^ 1  skass I-20 A I-2IA I-22A I-23A I-24A3tfQ76 3^73 31^60 UtXiZ 3 ^ * 4
-30 -
4-3 3-2 I-20B I-2IB I-22B I-23B I-24B
3k-^ k2. 1^77 7ct 3uas| 3^*5
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TABLE 30
MEAN VALUES OF ROUNDNESS MEASUREMENTS
(Using the Swan (1974) formula)
Location, 
Sample No.
& Environment
Fine gravel 
(16-32mm)
Coarse gravel 
(32-64mm)
(Plotted on Fig. 37) 
Tewai River
,, StandardMean -—------------------  Deviation
StandardMean ---r—---- Deviation
TR1-20A (34976) Fluviatile .385 .10
TR1-20B (34977) Fluviatile .49 .09
TR1-21A (34978) Marine .488 .09
TR1-21B (34979) Marine .406 .10
TR1-22A (34980) Marine .441 .09
TR1-22B (34981) Marine .439 .08
TR1-23A (34982) Marine .51 .08
TR1-23B (34983) Marine .52 .07
TR1-24A (34984) Marine .52 .10
TR1-24B (34985) Marine .45 .09
TR2-9 (34987) Fluviatile .38 .10
TR3-1 (34988) Fluviatile .33 .08
TR3-2 (34989) Fluviatile .36 .11
TR4-2 (34991) Eluviatile .35 - 07
TR4-3 (34992) Fluviatile .36 .07
Samples TR1-20A, 1-21A, 1-22A, 1-23A, 1-24A, 2-9, 3-1, and 4-2 have
50 ;pebbles.
Samples TR1-20B, 1-21B, 1.-22B, 1-23B, 1-24B, 3-2, and 4-3 have
25 pebbles.
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FIGURE 37: ROUNDNESS OF LIMESTONE PEBBLES FROM THE TEWAI RIVER AREA
CHANGE IN ROUNDNESS WITH DISTANCE TRAVELLED DCWN THE TEWAI
RIVER AND ALONG THE BEACH AT THE MOUTH OF THE TEWAI RIVER 
(Using the Swan (1974) roundness formula)
•55i
-45-
c/5(/>LU2Q2
-DODC •35-
Fine Gravel
2-9 4-2 3-1SWI SlfW
___ (_______ I________I_______ I__________ I
I-20A I-21A I-22A I-23A I-24A
3 i^ S O  3 ^ Z
Coarse Gravel
Scale
0
KM
4 3 3-2 1-208 I-2IB I-22B I-23B l*24B
3i*<W2. 31*417 31*474 21*423 3
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TABLE 31
MEAN VALUES OF ROUNDNESS MEASUREMENTS
1. Using the Dobkins & Folk (1970) formula:
Location
and
, Sample Number 
Environment Fine Gravel 16-32mm
(Plotted on Fig. 38) 
Tewai River Mean StandardDeviation
26237/8 Fluviatile .307 .10
26241/2 Fluviatile .307 .08
26243/4 Marine .40 .10
26245/6 Marine .33 .08
26247/8 Marine .373 .10
26249/50 Marine .426 .09
All samples have 50 pebbles.
2. Using the Swan (1974) formula:
Location, Sample Number 
and Environment Fine Gravel 16-32mm
(Plotted on Fig. 38) 
Tewai River Mean StandardDeviation
26237/8 Fluviatile .335 .10
26241/2 Fluviatile V .343 .09
26243/4 Marine .438 .10
26245/6 Marine .375 .07
26247/8 Marine .406 .10
26249/50 Marine .456 .10
All samples have 50 pebbles
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FIGURE 38: ROUNDNESS OF LIMESTONE PEBBLES FROM THE TEWAI RIVER AREA
CHANGE IN ROUNFNESS WITH DISTANCE TRAVELLED DOWN THE TEWAI 
RIVER AND ALONCi THE BEACH AT THE MOUTH OF THE TEWAI RIVER
Fine Gravel
The roundness values 
in this graph are 
based on the Dobkins
£ Folk (1970) formula
-I----- :--------1--------------i--------1--------i--------------- 1
26238 26241 26243 26245 26247 26249
H......  1 -------------------- -I
Fine Gravel•40 -
The roundess values in 
this graph are based on 
the Swan (1974) formula
26231 26241 26243 2 6245 26247 26249
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River. The variations in roundness values between the two ’’end-points" 
of the graphs are probably due to the relatively small number of pebbles 
counted. This is reflected in the large values of standard deviation. 
More accurate results could be obtained if larger samples of pebbles 
were counted. The other factor that may influence these results is 
the supply of limestone fragments of varying roundness, from varying 
sources into the Tewai River between the ’first’ and ’last’ sampling 
points along the river (Discussed previously in Section 3.5.3.3).
These results compare fairly well both with experimental work 
done by Krumbein (1941) and also Kuenen (1956) and also with the 
results from studies of limestone roundness in stream channels and 
rivers by Plumley (1948).
Krumbein (1941) and Kuenen (1956) both show that the roundness 
of the limestone fragments increases rapidly at first but after 5 - 
10 km of travel the rate of increase is not as great and there is only 
a slight increase in roundness with distance travelled.
Plumley (1948) also noted that limestone roundness increases 
rapidly in the first 5 - 1 0  miles of transport but then the increase in 
roundness is not as great. However, Sneed and Folk (1958) state, that 
there is no increase in roundness of limestone fragments with distance 
travelled down the lower Colorado River, Texas. However, I suspect 
this may be because the limestone pebbles measured at the first point 
may already have been rounded to their maximum value after many miles 
of river transport and hence there would be no increase in roundness
with distance travelled.
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Based on the data of Krumbein (1941), Kuenen (1956), and Plumley 
(1948), it would appear that the limestone fragments when first sampled 
(sample no. 34987) at Station 2 (Fig. 29) have only travelled 3 - 5 km 
in distance. However, this is not necessarily correct. Whilst it may 
be true some fragments have only travelled 3 - 5 km, some fragments may 
have travelled 20 km whereas others may have travelled on 1 km. As 
indicated previously in this chapter, there is probably a supply of 
limestone fragments from varying sources along the Tewai River and 
hence a certain roundness value for a sample of limestone pebbles 
cannot be correlated with distance travelled. However, if samples 
were taker, along a river after the ’last outcrop’ (source) of limestone 
then roundness values could be correlated with distance travelled.
The roundness of the samples of limestone fragments were also 
estimated visually using the scale of roundness and roundness values 
listed by Powers (1953). The results from these ’estimations’ (Tables 
32, 33, Eigs. 39, 40) do not definitely indicate increasing roundness 
with distance travelled as do the graphs based on actual measurements.
This is again most likely due to experimental error. However, it is 
worth noting that the values of roundness from these visual estimations 
are very close to the values obtained from the actual physical measurements.
It is also worth noting here that there does not appear to be 
any significant difference between the two roundness formulas of Dobkins 
and Folk (1970) and Swan (1974). Obviously, the roundness values using 
the roundness formula used by Swan will always be higher, however, the 
graphs (Figs. 36-38) both have the same ’shape’ for both formulas, and 
hence I do not think it really matters which of the two formulas is used.
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TABLE 32
VISUAL ESTIMATION OF ROUNDNESS
Location 6 
Sample No. % of pebbles in each grade (after Powers; 19 53)
(Plotted on Fig. 39)
Total no. Mean RoundnessWenga River 0-1 1-2 2-3 3-4 4-5 5-6 of pebbles GradeValue Value
26538
Tewai River
3 35 20 37 5 100 3.57 .42
Fine gravel
26241 - 2 48 36 14 - 100 3.12 .37
26243 - - 36 45‘ 19 - 129 3.33 .39
26245 - - 28 47 24 1 144 3.48 .41
26247 - - 24 65 11 - 122 3.37 .39
26249 _ _ 21 69 10 — 127 3.39 .40
Coarse gravel
26242 - 38 26 33 3 68 3.51 .41
26244 - 14 51 31 4 84 3.70 .45
26246 - 2 38 38 20 2 98 3.32 .39
26248 - 20 52 28 - 82 3.58 .42
26250 _ 13 63 23 1 75 3.62 .43
Key: 0- 1 Very angular
1- 2 Angular
2- 3 Subangular
3- 4 Subrounded
4- 5 Rounded
5- 6 Very rounded
Mean grade value calculated on the assumption that mid-point of each
interval is at the ’0.5’.
The Roundness value is taken from Powers’ table equating roundness values 
with each of his six grades.
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FIGURE 39: ROUNDNESS OF LIMESTONE PEBBLES FROM THE TEWAI RIVER AREA
CHANGE IN ROUNDNESS WITH DISTANCE TRAVELLED DOWN THE TEWAI
RIVER AND ALONG THE BEACH AT THE MOUTH OF THE TEWAI RIVER 
(Based on visual estimation of roundness using the Powers’ scale)
Fine Gravel
26241 26243 26245 26247 26249
26242 26244 26246 26248 26250
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TABLE 33
VISUAL ESTIMATION OF ROUNDNESS
Location S 
Sample No.
(Plotted on Fig. 40) 
Tewai River
Fine gravel
% in pebbles in each grade after Powers 1953)
0-1 1-2 2-3 3-4 4-5 5-5 Total no. of pebbles
Mean
Grade
Value
Roundness
Value
TR1-20A (34976) - 23 61 16 - 73 3.43 .40
TR1-21A (34978) - 33 48 19 - 69 3.36 .39
TR1-22A (34980) - 37 43 20 - 70 3.33 .39
TR1-23A (34982) 1 39 35 21 4 78 3.38 .40
TR1-24A (34984) - 33 48 17 2 80 3,38 .40
TR2-9 (34987) - 32 43 23 2 106 3.45 .41
TR3-1 (34988) 2 43 40 15 - 65 3.18 .37
TR4-2 (34991) 4 23 ‘ 62 10 1 69 3.31 .39
Coarse gravel
TR1-20B (34977) - 31' 56 13 - 32 3.32 .39
TR1-21B (34979) 1 23 45 31 - 39 3.56 .42
TR1-22B (34981) 35 49 16 - 43 3.21 .38
TR1-23B (34983) - 29 39 24 8 38 3.60 .42
TR1-24B (34984) - 15 47 34 4 47 3.77 .46
TR3-2 (34989) - 40 37 23 - 30 3.33 .39
TR4-3 (34992) - 26 54 15 5 39 3.49 .41
Key: 0- 1 Very angular
1- 2 Angular
2- 3 Subangular
3- 4 Subrounded
4- 5 Rounded
5- 6 Very Rounded
Mean grade value calculated on the assumption that the mid-point of each 
interval is at the * 0.51.
The roundness value is taken from Powers’ table equating roundness values 
with each of his six grades.
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FIGURE 40: ROUNDNESS OF LIMESTONE PEBBLES FROM THE TEWAI RIVER AREA
CHANGE IN ROUNDNESS WITH DISTANCE TRAVELLED DOWN THE TEWAI 
RIVER AND ALONG THE BEACH AT THE MOUTH OF THE TEWAI RIVER
(Based on visual estimation of roundness using the Powers’ scale)
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3.5.3,8 Oblate/Prolate Measurements : Introduction
Dobkins and lolk (1970) introduced, a measure of oblateness and 
P^olateness. The Oblate-Prolate Index (OP) is equal to
L-I „ d
L-S ~ 0,5|
S/L
(where L - long axis, I = intermediate axis, S = short ads). 
Dobkins and Folk concluded that the oblate-prolate index, combined 
with sphericity measurements, could be used to distinguish beach 
gravels from fluviatile gravels.
The object of measuring the oblate-prolate index of the 
limestone pebbles from the Tewai River and the beach at the mouth 
of the Tewai River was to see if the conclusions of Dobki.ns and Folk 
could be verified.
3.5.3.9 Oblate/Prolate Measurements : Results and Discussion
The results from the series of oblate/prolate measurements are 
listed in Tables 34, 35 and figured in Figs. 41 and 42. Although the 
results are listed and figured in the same format as for the pebble shape,, 
sphericity and roundness measurements, the main aim of this section is to 
compare fluviatile and marine pebbles. Thus mean values of all fluviatile 
and marine pebbles can be calculated and compared. These can be summarised 
as follows:
Mean of Fluviatile pebbles (fine gravel) = +1.09 (av. of 350 pebbles)
Mean of Fluviatile pebbles (coarse gravel) = +0.58 (av. of 125 pebbles)
Mean of Marine pebbles (fine gravel) = +0.628 (av. of 400 pebbles)
Mean of Marine pebbles (coarse gravel) = -0.34 (av. of 200 pebbles)
The oblate/prolate index was first used by Dobkins and Folk (1970) 
when studying basalt pebbles and cobbles from rivers and beaches on Tahiti- 
Nui. Mean oblate/prolate values recorded were +0.18 (prolate, rodlike) 
for rivers, -0.81 for low-wave energy beaches and -2.13 (oblate, disc-like) 
for hieh-wave-enererv beaches.
181.
TABLE 34
MEAN VALUES DF OBLATE/PROLATE MEASUREMENTS
Location 
Sample No.
£ Environment
(Plotted on Fig. 41) 
Tevjai River
Fine gravel Coarse gravel
(16 *-3 2mm) (32-64mm)
TR1-20A (34976) Fluviatile + .354
TR1-20B (34977) Fluviatile -.304
TR1-21A (34978) Marine + .149
TR1-213 (34979) Marine- -.034
TR1-22A (34980) Marine +1,135
TE1-22B (34981) Marine -3.912
TR1-23A (34982) Marine + .056
TR1-23B (34983) Marine -2.605
TR1-24A (34384) Marine -.973
TR1-24B (34985) Marine +0.205
TR2-9 (34987) Fluviatile +1.959
TR3-1 (34988) Fluviatile +1.691
TR3-2 (34989) Fluviatile -0.354
TR4-2 (34991) Fluviatile + .750
TR4-3 (34992) Fluviatile +1.418
Samples TR1-20A, 21A, 22A, 23A, 24A, 2-9 , 3-1, and 4-2 have 50 pebbles
Samples TR1-20B, 21B j 22B, 23B , 24B, 3-2, and 4-3 have 25 pebbles.
- - V
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TABLE 35
MEAN VALUES OF OBLATE/PROLATE MEASUREMENTS
Location , Sample Number Fine Gravel Coarse Graveland Environment
(Plotted on Fig. 42)
Wenga River
26542 Fluviatile +0.059
Tewai River
26238 Fluviatile +1.52 +0.904
26241 Fluviatile +1.31
26242 Fluviatile +1.25
26243 Marine +0,868
26244 Marine +2.13
26245 Marine +2.33
26246 Marine +0.18
26247 Marine +0.28
26248 Marine +2.06
26249 Marine +1.18
26250 Marine -0.77
25 pebbles/sample except 26238 which has 50 pebbles 
(25 coarse-sized and 25 fine-sized gravel).
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In the size class 16 - 32mm, the values recorded were +0.71 for 
rivers, -2.65 for low-wave-energy beaches and -3.37 for high-wave-energy 
beaches and for the size class 32 - 64mm, the values recorded were +.08 
for rivers, -1.44 for low-wave-energy beaches and -1.76 for high-wave- 
energy beaches. Dobkins and Eolk (1970, p.1190) conclude that
' . .. for about two-thirds of the localities both OP and ip
P
(sphericity) give a clear and correct environmental discrim­
ination if used alone. Of the remaining one-third of the 
samples, half are correctly discriminated by OP while  ^
fails and half are correctly discriminated by iJj while OP 
fails. Thus it is best to use both indices ...'
Dobkins and Folk (1970, Fig. 12) show how beach pebbles can be 
readily distinguished from river pebbles from a plot of sphericity vs 
OP index..
However, it was not possible from plots of sphericity vs the 
OP index for beach and river pebbles from the Rai Coast (Figs. 41, 42) 
to distinguish between fluviatile and marine (beach) pebbles, although 
in Fig. 41 the marine (beach) pebbles are generally more oblate and 
less spherical than fluviatile pebbles.
Rather than conclude that the oblate-prolate index cannot be 
used to distinguish between river and beach pebbles, I consider it is 
probably more accurate to say that based on the results from the Rai 
Coast, the oblate-prolate index cannot be used as a definite measure 
to distinguish between river and beach pebbles. However, beach pebbles 
are generally more oblate.
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FIGURE 41: PLOT OF OBLATE - PROLATE VS SPHERICITY MEASUREMENTS
(Samples from the Tewai River listed in Table 34)
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FIGURE 42: PLOT OF OBLATE - PROLATE VS SPHERICITY MEASUREMENTS
(Samples from the Tewai and Wenga Rivers listed in Table 35)
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Many more detailed studies of the oblate-prolate index of pebbles 
from rivers and beaches are needed before any definitive conclusions can 
be drawn on the use of the oblate-prolate index to distinguish between 
these environments.
3.5.3.10 Provenance of the Limestone Pebbles
The sphericity and roundness measurements of the limestone 
pebbles revealed a large standard deviation from the mean. This 
indicates a very wide range of pebble roundness and sphericity. The 
visual estimation of pebble roundness also showed a wide range in 
roundness values. As noted in section 3.5.3.7 the roundness mean when 
first recorded (sample no. 34987) (Fig. 29) indicates the limestone 
fragments have only travelled 3 - 5  km. However, this is only a mean 
value and some fragments may have been transported more than 20 km 
whereas others may have been derived from limestone outcrops less than 
1 km distant. The large standard deviation from the mean roundness 
value supports the view that the fragments in the one particular sample 
are derived from a number of sources, which results in the wide range 
of roundness values.
After measurements were made of sample no. 34987, it was 
decided to make thin section slides of a number of the limestone 
pebbles. The pebbles chosen were two very rounded pebbles with high 
sphericity and two sub-angular pebbles with low sphericity.
The two very rounded pebbles could both be described as Sparse 
Biomicrites. There was only a very small percentage of fossil fragments 
in the micrite matrix. The main type of fossils recognised were fora- 
minifera fragments with a few algal fragments also present. In contrast, 
the two sub-angular pebbles were rich in fossil fragments and could be
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described as Packed Biomicrites. Forminifera, bryozoa and algal fragments 
were common with a few rare coral fragments.
This petrographic evidence, combined with the measurement of 
pebble roundness and sphericity, suggests the well-rounded pebbles (Sparse 
Biomicrites) were initially derived from the Miocene (to Pliocene) Song 
River Calcarenite (Robinson 1973, 1974)/North Cromwell Limestone (Chappell 
1973) and have been transported over much larger distances than the 
sub-angular pebbles (Packed Biomicrites) which have probably been derived 
from the adjacent Wandokai Limestone (Robinson 1973, 1974)/uplifted reef 
complex of the Gitua Group (Chappell 1973).
As noted in section 3.3.4.1, there are five sources for limestone 
pebbles in the Tewai River, viz.:
1. The Song River Calcarenite (The North Cromwell Limestone)
2. The Top Beds
3. The Wandokai Limestone (uplifted coral reefs of the Gitua Group)
4. The foreset deltaic gravels
5. The topset littoral and fluviatile gravels
The limestone fragments from the Top Beds would have been 
derived from the adjacent limestone in a marine environment and thus 
would not have been rounded to any marked degree before being uplifted 
and then eroded and transported in rivers such as the Tewai. However, 
the limestone fragments from the topset and foreset gravels, which 
could be derived initially from either the Tertiary Limestone fragments 
in the hinterland or the Quaternary uplifted reef complex, would have 
been rounded to varying degrees depending on the distance they were 
transported, before being uplifted and then eroded and transported
down the Tewai River.
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Thus, it is not possible to accurately determine the source of 
any one particular limestone pebble in the Tewai River at present. The 
only conclusions that can be drawn are that if the pebble is very angular 
or sub-angular and is a Packed Biomicrite, it was probably derived from 
the Wandokai Limestone/uplifted coral reef complex either directly from 
the outcropping limestone or possibly from the topset or foreset gravels. 
A very rounded pebble which is a Sparse Biomicrite is probably derived 
from the Tertiary limestone (Song River Calcarenite/North Cromwell 
Limestone) either directly from the outcropping limestone in the 
hinterland or from either the Top Beds or topset and foreset gravels.
3.5,3.11 Changes in Particle Morphology from Different 
Environments
In gravel-sized sediments the changes in particle morphology 
are more distinct than changes in the sand fraction and for this reasons 
gravels from different environments are commonly studied for changes 
in shape, sphericity, and roundness with distance travelled.
The shape of the original rock fragment often depends on the 
bedding, jointing, and cleavage of the source rock. Flat pebbles are 
usually derived from shales, slates, and thin-bedded rocks where 
granites invariably yield more equi-dimensional fragments.
In a fluviatile environment changes in particle morphology 
depend upon particle size, rock type, and distance of travel. Gravel­
sized particles tend to become more rounded and spherical than sand­
sized particles as a general rule. However, such factors as abrasion 
of grains and different modes of transport of different sized particles 
often modify this general rule. Rock types such as granites and grey- 
wackes are very resistant to fluvial transport, compared to shales and
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limestones. Hence, for a rock type such as limestone, a maximum value 
for roundness is attained after only 10 - 20 km of fluvial transport 
and there is no increase in roundness with additional transport, whereas 
for such rock types as chert, a maximum roundness value is attained 
only after several hundred kilometres of transport.
Moving glaciers wear particles in a similar way to particles in 
a fluvial environment. However, Kukal (1970) notes that pebbles in 
glacial sediments are, on the whole, less rounded than pebbles in rivers 
and marine sediments, but in a glaciofluvial environment, the pebbles 
may get perfectly rounded. Of interest also is the fact that Wentworth 
(1936) found that the majority of pebbles (71%) in moraines from North 
America are disc-shaped. Rod-shaped pebbles are also fairly common 
(22%) and the remaining 7% consists of bladed, irregular pyramidal, 
bipyramidal, and ’other' shaped pebbles. These glacial sediments are, 
on the average, richer in disc-shaped pebbles than fluvial sediments.
Another environment where particles appear to differ slightly 
in morphology from particles from a fluviatile environment, is a 
shallow water marine environment where swash may produce flatter 
pebbles of similar lithology and size from a fluviatile environment.
Beach pebble shape and size have been studied in some detail 
by a considerable number of people for a considerable number of years. 
Although many people have produced evidence to support the hypothesis 
that beach pebbles are flatter than fluviatile pebbles there are also 
several people who produce evidence which does not support this 
hypothesis. A recent study by Dobkins and Folk (1970) on basalt 
pebble morphology from nine rivers and fourteen high and low-wave- 
energy beaches around Tahiti-Nui showed that on sandy, low-wave-energy 
beaches the smallest pebbles are flattest whereas on gravelly, high-
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wave energy beaches the largest pebbles are flattest. Dobkins and Folk 
consider that beach pebbles have higher roundness value, lower sphericity 
values and are more oblate (disc-shaped) in contrast to fluviatile pebbles. 
The production of disc-shaped pebbles on beaches is thought to be the 
result of abrasion caused by pebbles sliding back and forth over sand 
or smaller pebbles in the surf zone. The results from the measurement 
of limestone pebbles from the Rai Coast from both a fluviatile (river) 
and marine (beach) environment are, unfortunately, not conclusive 
(Section 3.5.3.9) and more detailed studies are required before any 
definite conclusions can be drawn.
3.5,4 Scanning Electron Microscope Study of Carbonate Mud from the
Tewai River
3.5.4.1 Introduction
When the limestone detritus from the Tewai River is examined, 
a thin covering of carbonate mud can be observed on all fragments.
This covering of mud can also be felt when the limestone fragments are 
handled. The carbonate mud is also found in small 'pockets' at various 
places along the channel bed of the Tewai River, usually in areas where 
the river flow is not very strong, i.e. by the banks of the rivers, 
or in the 'shadow' of a large boulder. When observed, the water of the 
Tewai River was very milky. This milkiness is probably due to the 
amount of calcium carbonate in the water.
It would appear that this carbonate mud is the major, if not 
the only, component of the suspended load of the Tewai River, during
the dry season.
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However, the grain size analyses (Tables 14-20, Figs. 15-21) 
indicate that this fine carbonate mud fraction (the fraction smaller 
than 40) represents only a very small percentage of the material trans­
ported by the river, but it is possible that these grain-size analyses 
do not accurately represent the amount of carbonate mud present. A 
considerable quantity of this fine mud could be transported down the 
river and out to sea without being deposited.
It is not possible to determine from a normal microscope study 
whether this carbonate mud is very fine limestone detritus, derived 
from the outcropping limestone, which has been reduced to mud size with 
transport in the Tewai River which is saturated with calcium carbonate. 
Theoretically, it should be possible to determine from a Scanning 
Electron Microscope (S.E.M.) study of the mud. If the minute fragments 
are rounded to sub-rounded then I would suspect they are limestone 
detritus. However, if they are rhombodedral in shape, they probably 
have formed by chemical precipitation.
3.5.4.2 Results and Discussion
Samples of the carbonate mud (A.N.U. no. 34974) were mounted 
with either double-sided sellotape or with nail polish and were studied 
under a Stereoscan 180 Scanning Electron Microscope.
At low magnification (x40), it could be seen that the ’carbonate 
mud* consisted of limestone fragments (>30 microns in diameter) and 
what appeared to be aggregates of chemically precipitated calcium 
carbonate (Plates 8, 9, 10).
The limestone fragments were commonly well rounded and the 
majority of fragments observed were greater than 30 microns in diameter. 
Upon closer examination (magnification xlOOO), it could be seen that 
(?) bryozoa were present in some fragments (Plate 8). At even higher
PLATE 8  CARBONATE MUD (SCANNING ELECTRON MICROSCOPE ( S . E . M . )
PHOTOGRAPHS).
1. G e n e ra l  v iew  sh o w in g  l im e s to n e  f ra g m e n ts  and  c h e m ic a l ly  
p r e c i p i t a t e d  c a lc iu m  c a r b o n a t e .  ( M a g n i f i c a t io n  x 4 0 ) .  
2 ,3 .  L im e s to n e  f r a g m e n t w i th  ? b ry o z o a  ( M a g n if i c a t io n :  (2) x 
1000; (3) x 1 7 5 0 ).
PLATE 9 CARBONATE MUD (S.E.M. PHOTOGRAPHS).
1. Chemically precipitated calcium carbonate.(Magnification 
x 400).
2,3. Chemically precipitated calcium carbonate with (?) calcite 
rhomb. (Magnification: (2) x 400; (3) x 1000).
P L A T E 10 CARBONATE MUD ( S . E . M .  PHOTOGRAPHS).
1.
2 .
3.
D e t a i l e d  p h o t o g r a p h  o f  c h e m i c a l l y  p r e c i p i t a t e d  c a lc iu m  
c a r b o n a t e . (C lo s e  up o f  P l a t e  9 F i g u r e  1 ) ( M a g n i f i c a t i o n  
x 4 0 0 0 ) .
C h e m i c a l l y  p r e c i p i t a t e d  c a l c i u m  c a r b o n a t e  on t h e  s u r f a c e  
o f  a l i m e s t o n e  f r a g m e n t .  ( M a g n i f i c a t i o n  x 5 3 0 0 ) .  
C h e m ic a l ly  p r e c i p i t a t e d  c a l c i u m  c a r b o n a t e . ( M a g n i f i c a t i o n  
x 5 3 0 0 ) .
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magnification (x5300) it was seen that these limestone fragments were 
coated with a thin film of precipitated calcium carbonate (Plate 10).
As mentioned previously, this film is also noted in hand specimens of 
limestone fragments from the Tewai River.
The chemically precipitated calcium carbonate occurred either 
as aggregates of various sizes, ranging up to several hundred microns, 
or as individual (?) crystals less than 1 micron in diameter. In one 
particular aggregate a (?) calcite rhomb approximately 30 microns in 
length was observed (Plate 9), however, no other calcite rhombs of 
this size were observed.
What appeared to be small (?) calcite rhombs often less than 
five microns, were often observed in other aggregates and on the surface 
of the limestone fragments (Plate 9). These (?) calcite rhombs were 
either found singly or cemented together to form small aggregates.
These aggregates could then be cemented together to form the larger 
aggregate which could reach up to 1mm in width. I would suspect that 
the waters of the Tewai River are 'saturated* with calcium carbonate 
and thus it is not surprising that there is a considerable quantity of 
chemically precipitated calcium carbonate. The calcium carbonate 
would probably be continually going in and out of solution down the 
Tewai River.
The S.E.M. study therefore shows that the carbonate mud 
consists of both limestone fragments, greater than 30 microns, and 
aggregates of chemically precipitated calcium carbonate, with the
latter predominating.
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3.6 Fluvial Sediment Transport
3.6.1 Introduction
The aim of this chapter is to study the processes involved in 
transporting the carbonate fragments from their source to alluvial 
channels and the method by which they are transported in the alluvial 
channels.
This chapter consists of two separate sections. The first 
section deals with a summary of the processes involved in sediment 
transport and the second deals with elongation function analyses of 
sediments from the Tewai and Wenga Rivers and describes the results 
obtained from a brief study of pebble movement in the Tewai River.
The results of the elongation function analyses, together with data 
from the brief study, provide information on the movement of the 
carbonate fragments in the alluvial channels.
3.6.2 Processes in Sediment Transport
Mechanical weathering results in the formation of fragments from 
the parent rock and these fragments may be subsequently entrained in 
streams and rivers.
There are three main 'agents’ which are responsible for the 
entrainment of rock fragments into alluvial channels. These are:
1. Corrasion.
2. Dry creep.
3. Entrainment of fragments by water run-off.
The term 'corrasion' refers to the development of slopes as 
caused by the abrasion due to rock debris moving over them. Corrasion 
may be attributed to the dry creep of screes over the rock beneath 
or to the contrition of the bed caused by the direct wearing of the
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rocks by silt-laden water. The role of corrasion on the Rai Coast will 
be discussed in more detail in section 3.9.4.
There are indications that the daily and yearly temperature 
changes in a talus slope consisting of rock debris might be sufficient 
to cause "dry creep" of rock. By "dry creep" we understand the slow 
downhill motion of the screes without the help of any carrying agent.
When there is a run-off of water over a sloped area there will 
be a relationship between the speed of flow and the carrying capacity 
of the water (i.e. the amount of material the water can carry). If 
the water happens to carry less material than is its capacity, it
will take on more material from the slope underneath and thus erode
) 1 !
it. Conversely, if the flow gets slowed down, the carrying capacity 
will decrease and therefore material will be deposited. It is thus 
apparent that there exists a dynamic equilibrium between an alluvial 
slope and water flowing over it.
It becomes evident that the process of water erosion cannot be 
treated separately from the process of accumulation of eroded material 
further downhill: on a steep part of the slope, one will generally find
that mass-removal is taking place, whereas on a less steep part 
accumulation occurs. After an initial phase, a quasistationary process 
will develop in which material is being transferred from the steep to 
the flat parts of the slope at a quasi-steady rate (i.e. a rate which 
changes only very slowly with time under constant external conditions).
Alluvial channels carry both dissolved matter (the dissolved 
load, which is essentially the chemical content of water and is not 
generally visible except in areas where ’mineral waters' are present) 
and the 'solid-debris load' (solid particle sediments). In regard to 
calclithites, it is more important to study the 'solid-debris load',
i.e. the carbonate fragments that make up the calclithite.
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3.6.3 Elongation Function Analyses of Bed-Load Sediments
Although the major modes of sediment transport, viz. suspension 
(or solution), saltation and rolling have been studied in detail and the 
significance of these processes in sedimentation has been duly recognised 
by sedimentologists, it was not until the work of Moss (1962, 1963) that
any attempt was made to correlate these transport processes with size-
\
shaped analyses of water-laid sand and gravels. Moss (1962, 1963, 1968, 
1972) has shown that any water-laid bed-load deposit is invariably 
composed of three distinct particle populations A, B, C. Population A 
(the 'framework population') is attributed to saltation combined with 
packing process. Population B (the 'interstitial population') consists 
of fine particles deposited interstitially to the framework of A. 
Population C (the 'contact population') consists of large particles 
rolled into position over the surface of A. In order of size, 
population B consists of the smallest particles, population A inter­
mediate size, and population C consists of the largest particles. These 
populations can be readily distinguished as a result of elongation 
function analyses of the sediment. Elongation function analyses are 
obtained by using the basic data of particle length (p), breadth (q), 
and depth (r), and plotting the elongation function (p/q) against (p).
Moss (1962) recognised four different sediment types consisting 
of these populations. These are: Type 1 sediments consisting almost
solely of population A and are characteristic wave-laid deposits, i.e. 
from intertidal zones of beaches: Type 2 sediments consist of
populations of A and B and are characteristic of unidirectional 
currents, i.e. streams and rivers: Type 3 sediments consist of
populations A, B, and C and are characteristic of unidirectional 
currents. Type 3 sediments are very similar to Type 2 sediments,
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the only difference being the presence of coarse particles (population 
C): Type 4 sediments consist of a Type 1 sediment (usually sand) and
large pebbles (population C) associated with it. Moss (1962) also 
records a Type 5 sediment which is a wind deposited sediment.
Moss (1968, 1972) also studied the relationship between the 
distribution of populations A, B, and C in various flow stages of 
natural and artificial shallow unidirectional currents. Moss (1968, 
1972) used the following bed stage sequence for sampling: 
fine ripple bed stage (ripples in fine sand) 
coarse ripple bed stage (ripples in coarse sand) 
dune bed stage (dunes developed) 
rheologic bed stage (laid by rheologic layer)
This bed stage sequence differs in nomenclature from the well
known sequence listed by Simons et at. (1961) viz. ripples--> ripples
-f"on dunes -- > dunes -- > transition -- > plane bed -- > sanding sand
A
waves --> antidunes. However, Moss (1972) notes that although all
these forms occur in nature, field experience (from the rivers and 
streams in southern New South Wales) made it necessary to adapt the 
sequence for practical application. Moss (1968) used three major 
criteria for recognising the four stages of bed load sedimentation 
under which sampled sediments formed. These are:
1. The actual presence of primary structures.
2. The presence or absence of pebbles.
3. Observing the intensity of particle motion associated 
with the different stages.
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Laminar samples collected previously from the Wenga and Tewai 
Rivers by Dr. K.A.W. Crook in 1971 were studied as well as samples 
collected in the field in May 1976. A map and a table showing the
jilocation of the sampling points and the sample^ numbers are presented 
(Fig. 43, Table 36).
All the laminar samples collected were from rheologic bed 
load deposits. The evidence for this is:
(a) the observed stream flow in the river channels
(b) the statement by Moss (1972) that the occurence of pebbles 
over 30mm in diameter in sandy gravels or found scattered in 
sands means that the deposits have formed from rheologic bed 
loads.
3.6.4 Metlods Used and Errors in Calculations
The laminar samples were measured by means of a Nikon Zeiss 
overhead projector and the images of the individual grains were 
measured from the projecting screen with a clear plastic ruler. 
Depending on the size of the samples, different mangification lenses 
could be used. Only the two dimensions (’long' dimension (p) and the 
’medium’ dimension (q))were measured. The third dimension (r), the 
vertical dimension, was not measured. As Moss (1962) notes '... Almost 
always r is smaller than the corresponding value of q ...’
Using this method there will be several sources of error.
These are:
1. The fact that not all the grains from the particular laminar 
sample are used in the elongation function analysis.
2. The fact that the value of r may be larger than the value of q.
3. The actual physical measurement of the individual carbonate
V
fragments with the plastic ruler.
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TABLE 36
LAMINAR SAMPLES: LOCALITIES 8 NUMBERS OF SAMPLES COLLECTED
Samples collected in August 1971
A.N.U. No, Location
1 32943 Tewai River gorge
2 32945 Tewai River gorge
3 32948 Wenga River (at Gitua-Kumukio crossing)
4 32949 Wenga River (at Gitua-Kumukio crossing)
5 32952 Wenga River 
Kumukio <
(at lower crossing between 
and Kingalakna)
Samples collected in May 1976
A.N.U. No. Field No.
1 34986 TR2-7
2 34990 TR4-1
3 34975 TR1-20
4 34993 WR1-9
5 34994 WR2-5
10 3.
FIGURE 4 3 : LOCATION OF LAMINAR SAMPLES FOR ELONGATION FUNCTION ANALYSES.
W enga delta
apparent boundaries of delta
L (gravel?)
/  U  (coral)modern reeL ;:
(—100m)
( -5 0 m )
34993
gravels ■ 32948
32949 
34994corals—
0.5 kilometre 1
32952
Tewai delta delta boundary?
—  beach and shallow submerged topset gravels
34975
40m
•34990
32943
32945
0.5 kilometre 1
34986
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4. Large grains sizes are often difficult to get into focus for
the two measurements.
Dealing with each error in turn, I consider that the error in 
only using some fragments from the particular sample (1), is small and 
unlikely to effect the overall result. Similarly, I would think that 
the error from 'larger values of rl (2) is also small. Moss (1962) 
has noted that larger values of Tr ’ occur because the particle is of 
some unusual shape or because it is on a relatively unstable position. 
Due to the fact that most of the carbonate fragments measured are 
either well-rounded or sub-rounded in shape, I would think the 
difference between 'q' and ’r ’ is very small and hence if 'r' is 
measured, the error will also be small.
The errors that involve physical measurements (3) and (4), 
could be quite large. In any sample where the grains are measured 
with a particular magnification lens, the largest errors will be with 
the measurement of both the smallest grains, because of errors in 
measuring small grains to the nearest millimetre or even to the nearest 
half millimetre, and also the largest grains, because of difficulties 
in getting the particular grain into focus. This error is apparently 
compounded when different magnification lenses are used. For a fragment 
.73mm x .58mm x .42 mm, using the 10x magnification, the most likely 
reading would be 7mm x 6mm. However, if the 50x magnification was 
used there may be difficulties in focussing on the particle and another 
incorrect reading would be obtained. It was noted that for any given 
particle, a lower value would be obtained for the larger magnification 
lens. Special care was taken in the series of elongation function 
analyses made to ensure such errors would be minimal, especially in 
the region of special features, by only using one magnification lens.
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Where it was necessary to change to a different magnificat:ion lens, this 
will generally be done where there were no important features present. 
3.6.5 Experiments on Pebble Movement in the Tewai River
In order to study pebble movement in the Tewai River, a small
1
experiment was done where three painted pebbles of differer.t sizes were 
placed into the river and their movement noted. This experiment was done 
at the site of the stream gauging near the mouth of the Tewai River.
The current velocity on the channel floor where the experiment 
was performed was approximately 100cm/sec. The three pebble sizes were 
3.4 x 2.7 x 2.4cm, 5.4 x 4.5 x 3.3cm, and 9.3 x 7.7 x 6.9cm. The depth 
of water where the experiment was performed was 10cm. (this was a bar 
in the middle of the stream). The result was that the two small pebbles 
do not move along the channel floor whereas the largest pebble rolls and 
moved at the rate of 1 ft/sec (30cm/sec).
The reason for this result is that the smaller pebbles become 
caught (’clogged') in between larger limestone pebbles and probably will 
not be moved until the stream velocity and discharge is much greater, thus 
moving the larger pebbles. However, provided the stream velocity is great 
enough, the larger pebble will be able to roll down-stream over smaller 
pebbles until it eventually becomes caught by a pebble larger than itself.
The experiment was repeated further downstream with the same three 
pebbles. At this point, the velocity on the stream channel floor was 
again 100cm/sec and the depth of water was 1 foot (30cm). The result was 
the same. The small pebbles did not move at all along the channel floor 
whereas the largest pebble rolled downstream at the rate of 1 ft/sec.
These results would appear to indicate that only pebbles larger 
than a certain size roll and that pebbles below this size do not roll and 
so form the 'framework'. This is clearly an oversimplification and many 
more experiments would need to be done before such a conclusion could be 
confidently stated.
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However, based on the work of Moss (1968, 1972) it may be more 
accurate to conclude that the smaller pebbles could belong to population A 
(the ’framework population') which builds the sediment framework and the 
larger pebble could belong to population C (the 'contact population') which 
can be rolled into position over population A. This is certainly not a 
definite conclusion which can be drawn; instead it is just more evidence 
that can be used, in conjunction wi'..h elongation function analyses, to 
study the movement of pebbles in the river.
3.6.6 Discussion of Elongation Function Analyses
The method used to obtain the elongation function analyses was the 
method described by Moss (1968, 1972). After the measurement of p (the length) 
and q (the breadth) of the particles in the sample, means of ewual numbers 
of p/q values are found for successive small ranges of p. In these samples,
30 particles per mean were used. Hence, each point on the elongation function 
curve is the plot of the mean of p/q ((p/q)) against the mean of p(p).
A study of the elongation function analyses and curves (Tables 37-42 
and Figs. 44-49) shows that two major peaks (features) are common on most 
elongation functions. These two features occur at approximately 1mm and 
3.5mm (Figs. 44, 46, 47, 48). Other peaks can also be recognised from the 
curves, however, a comparison of these peaks between different samples shows 
that these peaks do not consistently occur on all samples whereas the peaks 
at 1mm and 3.5inm do.
i-
These two features can be compared to the results obtained by Moss 
(1968, 1972) from rheologic bed stage deposits. Moss (1972, p.174) notes 
that:
’... Rheologic bed stage sediments gave complex elongation 
function curves but their major features repeated themselves 
consistently from sample to sample and stream to stream'.
These are:
Feature 1: A minimum shown by the intestitial population B due to
lack of elongated particles over a small range of p.
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TABLE 37
ELONGATION FUNCTION MEASUREMENTS OF SAMPLE NO
Sample TR2-7 (34986)
No. _i
(pHmmxlO )
1
2
3
4
5
6
7
8 
9
10
11
12
13
14
15
16
17
18
19
20 
21 
22
23
24
25
26
27
28 
29
3*99
4*5
4.99
5.17
5.50
5.90
6.52
7
7.32
7.63
8.57
8.94
9.73
10.87 
11.85 
12.50 
15.43
16.37 
17.70 
19.20 
20
20.87 
22.5
24.9
27.9 
29.73
33.37
38.07
44.07 
51.40
. 34986
(p/q)
1.12 
1.17 
1.266 
1.2 89 
1.320 
1.353 
1.512 
1.525 
1.527 
1.531 
1.582 
1.621 
1.572
1.502 
1.511 
1.400 
1.284 
1.292 
1.403 
1.397 
1.329 
1.363 
1.35 
1.458 
1.492 
1.471 
1.551
1.502 
1 .502 
1.40230
2 0 4 .
TABLE 38
ELONGATION FUNCTION MEASUREMENTS OF 
SAMPLE NOS. 34975, 32943, 32945
(A)
(B)
(C)
Measurements of pebbles from Tewai Flood Plain (Sample No. 34975)
Sample No.
Sample No.
P p/q
1. 36.73 1.273
2. 44.63 1.384
3. 51.66 1.383
4. 57.07 1.406
5. 65.30 1.336
6. 74.16 1.397
7. 83.86 1.245
8. 103.70 1.460
9. 131.50 1.336
10 200.50 1.484
32943 (p values in mm x -110 )
P p/q
1. 3.48 1.196
2. 4.32 1.313
3. 4.88 1.274
4. 5.67 1.307
5. 6.33 1.296
6. 7.38 1.393
7. 8.77 1.251
8. 10.53 1.371
9. 12.55 1.349
10. 16.16 1.374
32945 (p values in mm x io“ 1 )
P p/q
1. 1.48 1.199
2. 1.85 1.243
3. 2.08 1.237
4. 2.25 1.312
5. 2.46 1.260
6. 2.85 1.414
7. 3.06 1.353
8. 3.43 1.336
9. 4.03 1.373
10. 5.08 1.399
(Actual Size)
FIGURE 4 5 :  ELONGATION FUNCTION CURVES OF SAMPLES N o s .  3 4 9 7 5 ,  3 2 9 4 3 ,  3 2 9 4 5 .
TR 1-20
34975
p (mm x ICT1)
32943
3 2 9 4 5
2 4  6 8 10  12 14 16
p (mm x 10~1 )
207
TABLE 39
ELONGATION FUNCTION MEASUREMENTS OF SAMPLE NO. 34990
Sample
No.
TR4-1 (34990) 
(p) (mmxlO 1) (p/q)
1 5.60 1.2 84
2 6.07 1.302
3 7.0 1.283
4 8.0 1.363
5 8.73 1.401
6 9.10 1.33
7 10.0 1.311
8 10.63 1.375
9 11.70 1.379
10 12.53 1.323
11 13.63 1.476
12 14.73 1.450
13 15.67 1.379
14 17.1 1.369
15 18.80 1.348
16 19.87 1.474
17 21.50 1.409
18 23.90 1.381
19 27.60 1.483
20 32.17 1.39 8
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TABLE 40
ELONGATION FUNCTION MEASUREMENTS OF SAMPLE NO. 34993
Sample No. WR1-9 (34993) (All p values
P p/q.
1 4.3 1.245
2 5.3 1.358
3 6.14 1.381
4 6.50 1.407
5 6.99 1.391
6 7.07 1.513
7 7.52 1.481
8 8.16 1.589
9 9.0 1.553
10 9.7 1.571
11 10.13 1.524
12 11.4 1.484
13 12.17 1.470
14 14.10 1.459
15 16.83 1.393
16 17.67 1.297
17 20.63 1.33
18 23.20 1.307
19 26.40 1.274
20 30.07 1.421
21 32.97 1.576
22 35.33 1.467
23 40.20 1.47
24 47.13 1 .492
25 55.17 1 .43
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TABLE 41
ELONGATION FUNCTION MEASUREMENTS OF SAMPLE NO. 34994
Sample No. WR2-5 (34994) (All p values in mm. x 10 1)
P p /q .
1 6.90 1.206
2 8.57 1.215
3 9.47 1.311
4 10.0 1.336
5 10.83 1.446
6 11.33 1.367
7 12.0 1.426
8 12.63 1.48
9 14.23 1.395
10 17.67 1.382
2 1 2 .
FIGURE 48: ELONGATION FUNCTION CURVE OF SAMPLE No. 3 4 9 9 4 .
WR 2 5
349941-50-1
1-45-
1-40-
1-30J
P  (mm x 10 1)
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TABLE 42
ELONGATION FUNCTION MEASUREMENTS OF 
SAMPLE NOS. 32948, 32949, 32952 
All p values in mm x 10 1
Sample No. 32948
1 .
2.
3.
4.
5.
6 .
7.
8.
9.
10.
Sample No. 32949
1.
2.
3.
4. 
5 . 
6.
7.
8.
9.
10.
Sample No. 32952
1 .
2.
3.
4.
5.
6 .
7.
8.
9.
10 .
p p/q
14.76 1.355
20.16 1.353
23.10 1.372
25.27 1.362
27.47 1.355
30.03 1.431
32.1 1.461
35.1 1.490
38.9 1.471
45.93 1.451
P p/q
5.60 1.203
6.83 1.248
7.50 1.215
8.0 1.331
8.53 1.285
9.28 1.447
9.97 1.326
10.93 1.391
12.52 1.451
14.89 1.315
P p/q
1.23 1.14
1.91 1.25
2.16 1.276
2.50 1.379
2.90 1.386
3.14 1.443
3.36 1.431
3.71 1.458
4.17 1.445
5 .14 1.402
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Feature 2: A maximum due to an excess of elongate grains in B that
always occurs where populations A and B overlap in p , 
Feature 3: A maximum where populations A and C overlap in p, due to
the high elongation of the largest grains of A.
Moss (1972) presents a series of elongation function curves 
which clearly illustrate these features (Figs. 50-51).
Thus, the two peaks recorded from the elongation function 
curves of the deposits from the Tewai and Wenga Rivers can probably 
be equated with Features 2 and 3 and have been marked as such on the 
diagrams. Feature 1 does not appear on any of the elongation function 
curves. This may be due to the lack of particles of the interstitial 
population B in the particular size range.
There is no connection between individual elongation function 
curves which are figured on the one diagram. These curves were drawn 
on the same diagram in order to save space and because there was a 
minimal overlap between the particular curves. However, because these 
curves are derived from different laminar samples they are not connected 
to each other.
The grain size analyses of the bed-load deposits can also be 
interpreted in terms of these populations. The peak in the grain size 
analyses which always occurs at approximately 1-1.50 (0.5-0.35mm)
(Figs. 15, 18-20) is probably the peak caused by the overlap of the 
A and B populations. This is not to be confused with the overlap of 
the A and B populations in p which occurs at 1mm (00) (Figs. 44-49).
The overlap between the A and C populations probably occurs at -1 to 
-1.50 (2.0 to 2.8mm) however, this feature cannot really be observed 
on the grain size analyses diagram unlike the peak where population A 
and B overlaps which can be readily recognised on all samples.
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FIGURE 50: ELONGATION FUNCTION CURVES OF RHEOLOGIC BED STAGE DEPOSIT.
(AFTER MOSS 1972)
A. Elongation function curve of a rheologic bed load 
deposit shown on two horizontal scales.
B. Elongation function curve for a coarse fluviatile 
sand of the rheologic bed stage.
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FIGURE 5 1 :  ELONGATION FUNCTION CURVES AND SIEVE CUMULATIVE CURVES
OF GRAVELS OF THE RHEOLOGIC BED STAGE. (AFTER MOSS 1972)
A. E l o n g a t i o n  f u n c t i o n  c u r v e  o f  a  f l u v i a t i l e  g r a v e l  o f  t h e  
r h e o l o g i c  b e d  s t a g e  shown on two h o r i z o n t a l  s c a l e s .
B. S i e v e  c u m u l a t i v e  c u r v e s  f o r  f o u r  r h e o l o g i c  b ed  s t a g e  s a n d s .
C. E l o n g a t i o n  f u n c t i o n  c u r v e s  o f  a t r a c t i o n  c l o g  g r a v e l  (A67) 
and  a  s a n d  fo rm ed  b e s i d e  i t  (A70) and  s i e v e  c u m u l a t i v e  
c u r v e .
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Further evidence on the size range of each population can be 
obtained from the experiment on pebble size movement in the Tewai 
River (for detailed discussion see Section 3.6.5). The largest pebble, 
measuring 9.3 x 7.7 x 6.9 cm, would appear to belong to population C, 
whereas the two smaller pebbles, measuring 3.4 x 2.7 x 2.4 and 5.4 x 4.5 
x 3.3 would appear to belong to population A. This is broadly in 
agreement with Moss (1972) who noted that the size of population C 
grains from his studies ranged from 0.17 to 4.8mm.
3.6.7 Summary
Thus, it can be concluded that the bed-load deposits of the 
Tewai and Wenga Rivers consist mainly of population C (the ’contact 
population’) with minor amounts of population A (the’framework 
population') and only a very small amount of population B (the ’inter­
stitial population’). This is characteristic of the traction clog 
gravels described by Moss (1963, 1972).
Moss (1963, 1972) notes that traction clog gravels are commonly 
found in streams from mountainous regions and that the contact 
population (population C), mainly pebbles, form half or more by 
weight. Traction clog gravels result from the inability of currents 
to clear their own rolled debris that has clogged the bed. The 
traction clog gravels respond to erosion by progressively losing 
surface particles until there is a monolayer of the coarsest contact 
particles. These coarse particles become tightly wedged together 
and often have their lower portions embedded in well-packed gravel 
and sand. Moss (1972) also notes that only large floods break up 
these monolayers.
-
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Moss (1968, 1972) also reports the results of a, run. (Number 3D)
in a flume where a traction clog gravel resulted (Fig. 51). In the
experiment, a sand mixture (with a sieve fifty percentile of .477mm)
was used, together with pebbles ranging from 8 to 50 cm in diameter.
These pebbles were dropped into the upstream end of the flume at the
rate of one per second. After the run had stopped, Moss (1968) notes
1
that the bed was smooth and planar with no pebbles visible. Subsequent 
probing found that only one particular area, from 5*6" to 7* downstream 
from the place of entry of the pebbles, contained pebbles which were 
beneath a veneer of sand. Elongation function curves for the gravel 
and the sand beside it were done (Moss 1968, 1972) and the curves 
obtained closely approximate elongation function curves from natural 
fluviatile gravels of rheologic bed stage deposits.
3.7 Hydrology of R.ai. Coast Rivers
3.7.1 Introduction
Measurement of the water flow in rivers and streams is of 
primary importance in the determination of a large number of parameters . 
related to the overall geological evolution of the region. Understanding 
of factors such as processes of channel erosion, transport of sediment, 
and solutes and rates of erosion will depend on a knowledge of the 
hydrology of the particular stream or river. The major streamflow 
parameters that are measured are those of water level, velocity, and 
discharge, and their variations through time.
Due to the pronounced ’wet-dry' season on the Rai Coast, it 
is only possible to visit the area during the dry season when access 
is possible. Thus, all the measurements and field observations of 
the hydrology of the region are restricted to the dry season when
220.
the overall nature and regimes of the rivers will be quite. different 
when compared to the wet season.
When observed during the visit to the field in May 1976, the 
rivers and streams draining the limestone hinterland vari.ed considerably 
in form from small stream, channels to large rivers with fairly extensive 
floodplains. Two of the largest rivers, the Tewai and the Wenga, are 
studied in some detail. The Tewai River is approximately 25 km long 
and in the upper reaches of the river has downcast steeply through the 
Miocene limestones. Approximately 4 km from the coastlire, the river 
has cut a deep gorge through the deltaic topset beds which are capped 
by the fluviatile foreset beds in the vicinity of the gorge (Chappell 
1973). Where the river emerges onto the coastal plain, approximately 
1 km from the coast, there is no downcutting of the river and a delta 
has formed. When the river was observed during the dry season its 
tahlweg was some 12 metres wide and approximately 30 cm deep, however, 
the wide flood plain benches at the mouth of the delta indicate that 
during floods the river may become hundreds of metres wide and several 
metres deep.
The Wenga River is approximately 40 km long and also downcut 
steeply through Miocene limestones in its upper reaches. Due to the 
fact that the rate of uplift in the region of the Wenga is much less 
than the rate in the Tewai River region there is no steep gorge 
through the Quaternary coral terraces and associated topset and 
foreset beds. Where the Wenga River emerges on the coastal plain, 
the present channel is entrenched and sinuous which is in contrast 
to the previous braided distributaries of the river. Chappell (1973) 
considers that massive slumps in the middle reaches of the Wenga River
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generated an excess of coarse sediment which oversteepened the river 
gradient and generated the braided terrace of the coastal plain.
The other rivers observed during the visit to the field area 
in May 1976, e.g. the Sambero, Sazum rivers, were all straight slightly 
entrenched channels where they crossed the coastal plain. The other 
smaller streams were all generally straight shallow channels. No 
meandering channels were observed anywhere in the field area.
3.7.2 Streamflow Measurements and Calculation of Streamflow Parameters
3.7.2.1 Introduction
An Ott current meter was used to determine the water velocity 
in a profile across the Tewai River (Location of gauging on Fig. 52). 
The results obtained are listed in Table 43.
From these velocity measurements the discharge of the rivers 
can be determined. Discharge is defined as the product of velocity 
and cross-sectional area of the flow. The common method of calculating 
discharge is by dividing the river into a number of segments, measuring 
the average velocity of each segment (from the current meter readings), 
the depth and the width of each segment and calculating the discharge 
of each segment. The discharge of the river is the sum of the discharge 
of the individual segments. Leopold et aZ-.(1964) note that owing to 
the logarithmic change of velocity with distance from the bed, there 
is a depth at which the local velocity equals the mean velocity. This 
position averages about 0.6 of the depth of the river. Leopold et al, 
(1964) also note that if measurements are taken at 0.2 and 0.8 depths, 
the average is a close approximation of the mean value.
The V/enga River has been gauged previously by Dr. J.M.A. 
Chappell in August 1966 and the results are listed in Table 44.
2 2 2 .
FIGURE 5 2 : LOCATION OF STREAMFLOW GAUGING AND WATER SAMPLES.
apparent boundaries of delta
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TABLE 43
TEWAI RIVER STREAM GAUGING
200m from mouth 
Water temperature = 20°C 
River width = 35 feet (10.7m) 
Counting time = 45 sec.
(1) Distance from bank = 2ft 
Water depth = 1ft
Feet above river bottom Count RPM FPS
0.4 130 173.33 2.431
0.6 150 200.00 2.805
0.8 160 213.33 2.991
1.0 220 293.33 4.114
Distance from bank = 5ft
Water depth = 1.5ft
Feet above river bottom Count RPM FPS
0.4 220 293.33 4.114
0.8 240 320.00 4.488
1.0 280 373.33 5.234
1.2 310 413.33 5.795
1.5 360 480.00 6.731
(3) Distance from bank = 10* 6M 
Water depth = 1.4ft
Feet above river bottom
0.4
0.6
0.8
1.0
1.2
Count RPM FPS
160 213.33 2.991
190 253.33 3.553
180 240 3.366
240 320 4.488
300 400 5.610
320 426.66 5.9821.4
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TABLE 43 (cont'd)
(4) Distance from bank = 15ft 
Water depth again = 1.4ft
Feet above river bank
0.4
0.6
0.8
1.0
1.2
1.4
Count RPM FPS
280 373.33 5.234
290 386.66 5.423
310 413.33 5.795
340 453.33 6.357
350 466.66 6.544
350 466.66 6.544
(5) Distance from bank = 16* 6" 
Water depth = 1.6ft
Depth from river bottom
0.4
0.6
0.8
1.0
1.2
1.4
1.6
Count RPM FPS
170 226.66 3.179
250 333.33 4.675
290 386.66 5.423
310 423.33 5.795
330 440.00 6.170
360 480.00 6.731
390 520.00 7.292
(6) Distance from bank = 20* 
Water depth = 1.3ft
Feet above river bank Count RPM FPS
0.4 200 266.66 3.740
0.6 190 253.33 3.553
0.8 210 280.0 3.927
1.0 230 306.66 4.300
1.3 280 373.33 5.234
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TABLE 43 (cont’d)
Distance from bank = 23ft 
Water depth = 1ft
Feet above river bank Count RPM FPS
0.4 210 280.0 3.927
0.6 260 346.66 4.862
0.8 290 386.66 5,423
1.0
Distance from bank = 28ft
330 440.0 6.170
Depth = 1.1ft
Depth above river 'bottom Count RPM FPS
0.4 140 186.66 2.618
0.6 170 226.66 3.179
0.8 210 280.0 3.927
1.0
Distance from bank = 29’ 6"
220 293.33 4.114
Depth = 1.3"
Depth above river bottom Count RPM FPS
0.4 160 213.33 2.991
0.6 200 266.66 3.740
COo 210 280.0 3.927
1.0 200 266.66 3.740
COtH 210 280.0 3.927
TABLE 43 (cont'd)
Distance from bank = 32*0" 
Depth = 1.3ft
Depth above river bottom Count RPM FPS
0.4 50 66,66 .933
0.6 65 86.66 1.217
0.75 70 93.33 1.310
In Antidune
Depth = 1.3
Amplitude = 25ft
Depth above river bottom Count RPM FPS
0.4 240 320.0 4.488
0.6 310 413.33 5.795
1.3 455 606.66 8.507
v = 5.05 ft/sec. 
Mean velocity at 0.6 depth
Station 1 2.43ft/sec.
Station 2 4.4 ft/sec.
Station 3 3,42ft/sec.
Station 4 5.27ft/sec.
Station 5 4.78ft/sec.
Station 6 3.35ft/sec.
Station 7 3.9 ft/sec.
Station 8 2.7 ft/sec.
Station 9 3.1 ft/sec.
Station 10 1.06ft/sec.
TABLE ^3 (cont’d)
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Total Discharge = £ discharge of segments
1. Segment 1; Discharge = 1.22 cu.ft/sec.
2. Segment 2; Discharge = 12.83 cu.ft/sec.
3. Segment 3; Discharge = 31.18 cu.ft/sec.
4. Segment 4; Discharge = 27.4 cu.ft/sec.
5. Segment 5; Discharge = 11.32 cu.ft/sec.
6. Segment 6; Discharge = 21.03" cu.ft/sec.
7. Segment 7; Discharge = 12.52 cu.ft/sec.
8. Segment 8; Discharge = 17.32 cu.ft/sec.
9. Segment 9; Discharge = 5.2 cu.ft/sec.
10. Segment 10; Discharge= 15.91 cu.ft/sec.
11. Segment 11; Discharge= 0.86 cu.ft/sec.
3Total discharge = 156.79 cu.ft/sec. = 4.43 m /sec.
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C r o s s - s e c t io n s  o f  th e  two r i v e r s  can be drawn from  th e  s tre a m - 
g au g in g s (F igs*  53 , 54) and th e s e  c l e a r ly  show th e  d i f f e r e n c e  i n  channe l 
m orphology betw een th e  two r iv e r s *  U n fo r tu n a te ly ,  th e  scream  v e l o c i ty  
d a ta  can n o t be shown on th e  c r o s s - s e c t io n  o f th e  Wenga R iv e r  due to  th e  
f a c t  t h a t  o n ly  mean, s tream  v e l o c i t i e s  w ere re c o rd e d  by I)r* C h a p p e ll.
3 .7 .2 .2  S tream flcw  P aram e te rs  from  th e  Tewai R iv e r
D isch arg e 156.79 c u . f t / s e c .
= 4 .43  m e tre s0/ s e c .
4430 l i t r e s / s e c *
W idth o f  
r i v e r = 3 5 f t  -  1.0.67m
Mean 
D epth 
C ro ss -S e c ­
t i o n a l  a re a
= 1 .1 7 f t  = *357m, (D) % R (h y d ra u l ic  r a d iu s )  = 35*77 cm 
= 41 .04  sq_. f t .
Mean flow  _ 156 .79  c u * f t / s e c . 
v e l o c i ty  41 .04  sq ,.f t*
= 3.82 f t / s e c .
= 1 .1 6  m /se c .
= 116 cm /sec . (V)
C onstan ts
1. S lope g r a d ie n t  = .02 (S) (At s i t e  o f  gaug ing)
2 . W ater te m p e ra tu re  = 20°C t
3. V is c o s i ty  = .01 a t  20°C (u)
4 . D e n s ity  = l ( p )  (Assumed)
G ra v ity  = 9 8 0  cm /sec2 (g )5 .
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Calculations
( a )  S tream  power -  TqV -  p . g . s . v . R
(b )
( c )
1 X 980 X „02 X  116 X 3 5 »77 
81 ,540  e r g s / c m 2 / s e c .
n . , .. , VR 116 x 35 »77R ey n o ld s  Number = p —  = 1 x — -----— ------
F ro u d e  Number
= 413 ,656
V
/iD 11618 7 ,2 2
.62
(d ) Chezy f o rm u la  V = Cv'iRS
116 c m /se c  =■ C /3 5 ,7 7  x „02 
116 c m /se cC = .85
= 1 3 7 .1
( e )  Manning fo rm u la  V = R  ^ (where n  = ro u g h n e s s  c o e f f i c i e n t )
1 49  2 / 3  1 / 2116 = i-lR-f 35 .77  7 x .02  '
n - 1 .4 9  x 1 0 .89  x .14  2 .2716116 116
= .019
( f ) C r i t i c a l  t r a c t i v e  f o r c e  (T ) ,
• c  t
T = YDS (w here Y = s p e c i f i c  w e ig h t  o f  w a te r  
c
^  1000 kg/m 3 ) (Assumed)
= 1000 x ,357 x ,02
= 7 .1 4  kg/m 2
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In Antidune
V (mean velocity) = 5.05 ft/sec.
= 153,9 cm/sec.
D (mean depth) ^ R(hydraulic radius)
= 1.3 f t .
= 39.6 c m .
VR(a) Reynolds Number = p —
1 x 153.9 x 39.6
.01
= 609.444
V 153.9 1 5 3 Q
(b) Froude Number = ^  - , J = ~  -
= .78
At Crest of Antidune
Velocity = 8.50 ft/sec.
= 259.08 cm/sec.
/ v „ , VR 1 X 259.08 X 39.6(a) Reynolds Number = — - = — -------— --------
= 1,025,956
(b) Froude Number 256.08v~ 197
= 1.315
3.7.2.3 Streamflow Parameters from the Wenga River
23 H.
Discharge = 271.5 cu.ft/sec.
= 7,690 cu.metres/sec.
= 7698 litres/sec.
Width of river = 102 ft. = 31.09 metres
Mean depth = 1.566 ft. = 47.73 cm. = hydraulic radius (R)
Cross-section area = 159,73 sq. ft. = 14.83 sq. m
271.5 cu.ft/sec.Mean flow velocity 159.73 sq.ft.
= 1.7 ft/sec.
= 51.8 cm/sec. (V)
Constants
1. Viscosity = .01 (y) - presuming the water temperature to be 20°C
2. Density = 1 (p) (Assumed)
3. Gravity = 980 cm/sec2 (g)
4. Slope = 0° 1 5 1 = 0.0045 (At site of gauging)
(a) Stream Power = t Vo
= p.g.s.V.R.
= 1 x 980 x .0045 x 51.8 x 47.73 
= 10,850 ergs/cm/sec
(b) Reynolds Number VR 1 x 51.8 x 47.73 = ' r~
247,241
(c) Froude Number JL _ 51.8v'gD “ 216.27
.24
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(d) Chezy Formula V = C v'RS
51.8 = c To 043
P _ 51.8
" 214 112
(e) Manning Formula V
n =
„ 2/3 1/21.49 R S '
1.49 >< ':7.732/3 x ,0045. 2
~ “51 .‘8
13*2 x t967 
*51*. 8
= ,02b
(f) Critical tractive force (T )c
T = YDS (where y = specific weight of water 
approx. 1000 kg/m3)
= 1000 x .477 x .0045 
= 21.4 kg/m2
3.7.3 Competence of Rivers During Floods 
3.7.3.1 Introduction
The presence of large limestone boulders on the bed of the 
Tewai and Wenga Rivers indicates that at one particular time at least
the velocity of the rivers would have been sufficiently large to 
move these boulders.
By measuring the largest boulders from the rivers, it is
possible to obtain an indication of river velocity and depth and
critical tractive force. The critical tractive force (T ) of ac
river is given by the DuBoys equation for boundary shears viz.
T = c YDS
236.
where y = specific weight of water, D = depth, and S = slope. As
Baker (1973) has noted, several studies of boulder movement have
enabled correlations to be made between the size of the largest
transported boulders and tractive forces and the formula d = 50.OT
has been derived, where d is the intermediate particle diameter in
mm and is in lbs/ft2. However, based upon' his own work from
the Lake Missoula floods of Eastern Washington, Baker (1973) has
0.9derived the regression formula of d = 38.7 where d is again
in mm and T in lbs/ft2. This formula is again modified, this time c
by Baker and Ritter (1975), to d = 65 T where d is in mm and
T^ is in kg/m2 . This new formula is again based on studies of 
bed-load size transported in rivers, canals and flood channels.
These three different formulas clearly illustrate that there will 
be large errors in any calculations based on the value of the critical
tractive: force. These errors will be discussed further in Section 3.7
CMCO•00 Results from the Tewai River
Largest clast measured (Intermediate diameter = 900mm)
(a) Using d = 50 t c tc = 18 lbs/ft = 88.5 kg/m^
(b) Using d = 38,7 T 0,9 c xc = 32.5 lbs/ft2 = 161 kg/m2
(c) Using d = 65 t 0,9ljc t = 128 kg/m2 c
Using t = YDS where
y--
Y = specific weight of water (1000 kg/ir?)c (Assumed)
D = depth of water
S = slope = .02 (At site of gauging)
(a) Using Tc = 88.5 kg/m2; D = (4.4 metres)
(b) Using Tc = 161 kg/m2 1 D = (8.0 metres)
(c) Using T = 128 kg/m2 ; D = (6.4 metres)
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Baker (1973) records the empirical relationship between component 
bottom velocity (V^) and particle diameter (d) as:
V = 9.0 b
0.5
d - 0.9m for the Tewai River 
= 8.55 metres/sec2
Baker (1973) also notes that for average stream .conditions 
Vb = 0.7V (V = mean stream flow velocity)
Thus for the Tewai River at maximum flow velocity;
V = 12,2 metres/sec.
Based on the mean flow velocity of 12.2 metres/sec. and using the
depth value of 8.0 metres (for brief comment on this figure, see
Section 3.7.3.4), the following can be calculated:
(a) Stream Power = x V
o
= p.g.s.V.R.
= l x  980 x .02 x 1220 x 800 =1.99 x 107ergs/cm/sec
(b) Reynolds Number = pVR _ 1 x 1220 x 800 y .01
= 9.75 x lo7
(c) Froude Number 1220 1220/gD 7980*800 890
= 1.38
(d) Chezy Formula V = Cv^ RS*
1220
C = v/800xT02"
(e)
= 305
Manning Formula V = ~~~ R2/,3S1/2
1220 = 8002/3S1/2n
1.49 x 87 x .14
n ----- 122Ö---- - -0148
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3.7.3.3 Results from the Wenga River
Largest clast measured (Intermediate diameter = 300 cm)
(a) Using d = 50T ; T =50 lbs/ft2 = 295 kg/m2G C
(b) Using d = 38.7T °’9; T =86 lbs/ft2 = 423 kg/mzG G
(c) Using d = 65T 0.54* ;Tc = 1202 kg/mz
qUsing T = YDS where y = specific weight of water = 1000 kg/rrrG
D = depth of water
S = slope = .0045 (At site of gauging)
(a) Using = 295 kg/m2; D = 64.5m
(b) Using = 423 kg/m2; D = 93.6m
(c) Using = 1202 kg/m2; D = 268m.
Competent bottom velocity (V ) = 9.0d0.5
where d = 3m for the Wenga River
V, = 9 x 3° 4 5 b
= 15,59 m/sec2
and using the formula = 0.7Y (Y = mean streamflow velocity)
(Assumed)
. Y = 22.27 m/sec2
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Based on the mean flow velocity of 22.27 m/sec2 and using the depth of 
flow of 64.5 m (for brief comment on this figure see Section 3.7.3.4), 
the following can be calculated:
(a) Stream Power = T Yo
= p ,g .s .V .R.
= 1 x 980 x .0045 x 2227 x 6450 = 6.34 x 107ergs/cm/sec,
(b) Reynolds Number -9 VR
= lx 2227.x = i.42 x 109.01
2227
(c) Froude Number = /gb = /980 x 6450
.88
(d) Chezy Formula = V = Cv^ is"
2227___________ - 2227
C = /6450 x .0045 = 5.4
= 414
, x . 1.49 2/3 1/2(e) Manning Formula = V = ---- R S
1.49 2/3 1/22227 = — -- x 6450 ' x .0045
. . n = 1.49 x 345 x .067 2227
.0157
2ho.
3.7.3.4 Errors in Calculations 
(a) Errors based on competence of the river
Due to the fact that the calculations of parameters for what is 
the ffloodstage’ of the Tewai and Wenga Rivers are based solely on the 
size of the largest boulders found within the channel of the rivers at 
present or on the flood bench above the channel there are bound to be 
large errors in these calculations. The first large error will be in 
the measurement of the boulders. Because only certain sections of each 
river was visited, I feel certain that larger boulders could be found 
in other stretches of the rivers, particularly in the case of the Wenga 
River. Thus, the error here, which will affect all the other calcula­
tions, could be very large. The other probable larger error is in the 
formulas used to determine critical tractive force, competent bottom 
velocity and mean flow velocity. Three separate formulas exist relating 
'particle size to critical tractive force. The figures from the Tewai 
River clearly illustrate the large error present (range from 88.5 kg/m2 
to 161 kg/m2) and this range will mean there will be an equally large 
range in the value of the depth of water (range from 4.4 metres to 
8 .0 metres).
The empirical relationship between competent bottom velocity
(V^) and particle diameter (d) may also have large errors. Data
presented by Baker (1973) and Fahnestock (1963) do not appear to fit
0.5the empirical formula of = 9.0 d * .
The other formula where there is likely to be a large error 
is the relationship between competent bottom velocity (V^) an(^  mean 
velocity (V). As Baker (1973) has noted for shallow streams nearly
0.7V and foralways equals V, for 'average’ stream conditions = 
extremely deep streams is a much smaller fraction of V,
In the calculations, it was noted that the value for water 
depth used for the Tewai River was D = 8.0 metres. This figure is 
based on second-hand reports from people in the field area who have
-i
observed the river during floods.
In the case of the Wenga River, I used the lowest water depth 
value of 64.5m because I considered this to be more realistic than 
the other values for water depth of 93.6m and 268m.
(b) Errors made during the streamflow measurements
The only error that might be significant is the measurement of 
river slope which can vary along the length of the river, ranging up 
to 3° near the river mouth. I have assumed the value for density as 
I consider the value of the suspended and dissolved load factor will 
not be too significant. I have also assumed that y = the specific 
weight of water due to the lack of data on the specific weight of the 
fluid. Again I do not think the errors resulting from this assumption 
will be significant.
3.7.4 Discussion of Results
The results based on the streamflow measurements reflect the 
nature of the river during the 'dry' season. Due to the fact that 
only one set of streamflow measurements was taken, it is not possible 
to study any variations in the hydrology of the river, particularly 
variations in discharge and velocity. However, these figures do give 
a fairl\r accurate indication of the hydrology of the river at that 
particular time.
2b2.
The figures based essentially on boulder size and competence 
of the river are, most probably, not extremely accurate. However, they 
should provide a rough idea of the ’nature’ of the river during the 
’wet’ season.
Before discussing each parameter and the range in the values 
recorded, it is necessary to compare the two sets of results, from the 
Tewai and Wenga Rivers for the ’wet' season based on the measurement 
of the largest boulder.
In general, I consider the results from the Tewai River to be 
more realistic of the river morphology during a ’normal' ’wet’ season. 
After visiting the field area, it is not hard to imagine the Tewai 
River being 8 metres deep during the ’wet' season. However, I find 
it very hard to imagine that the Wenga River is a minimum of 64m deep 
during the ’normal' ’wet’ season, even allowing for the fact that the 
Wenga has a much larger drainage basin than the Tewai. Since this 
figure of 64m is based on the largest boulder, I can only guess that 
the boulder was deposited during a single catastrophic event when the 
•fiver depth may have reached 64m. Such a catastrophic event may have 
been the bursting of an. artificial dam formed across by the Wenga 
River which released a huge ’wall’ of water. Alternatively, the 
boulder may have been derived from an earthquake-initiated mud flow.
Thus, I consider it is only meaningful to compare the ’wet’ 
and 'dry' season results from the Tewai River. Nevertheless, comments 
can be made on the hydrology of the Wenga River during the ’dry’ season.
(a) Streampower
The main point worth noting from the measurements of stream- 
power is that during the 'wet' season streampower is of the order of 
200 times greater than for the 'dry' season.
(b) Reynolds Number (R )
Reynolds Number, which is dimensionless, is used to distinguish 
between laminar and turbulent flow. Allen (1970) notes that in open- 
channel flow, turbulence begins at a Reynolds Number in the approximate 
range of 500 < Re < 2000, In the case of the Tewai River, the results 
clearly indicate a turbulent flow, both in the ’wet' and ’dry' season, 
which is only to be expected from observing the stream channel. As 
with the measure of streampower, the difference between the two seasons 
is of the order of magnitude of 200.
(c) Froude Number (Fr)
The Froude Number distinguishes between sub-critical and 
super-critical flow in an open channel. If the Froude Number is greater 
than 1, the flow is super-critical and if the Froude Number is less 
than 1, the flow is sub-critical.
The values calculated show a wide range. However, these values 
can be explained when the nature of the stream channel and stream 
velocity is considered. The Wenga River is a fairly wide (31.1 metres) 
and although it is fairly shallow (approximately .5 metres) the flow 
velocity is only approximately ,5m/sec and hence the Froude Number of 
.24 calculated from the measurement made during the dry season clearly 
indicates that the flow is sub-critical. Where the river was observed 
during the visit to the field in May 1976 the flow was generally sub- 
critical which agrees with the calculated value. However, during 
maximum flow in the 'wet* season, I suspect that flow could well be 
super-critical.
The ’average' Froude Number value from the Tewai River was 
.62. However, from observations of the river during May 1976, it 
seemed that the flow was super-critical in several sections of the
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river where, in places, it appeared that antidunes could be forming. At 
these places, waves were standing and breaking. The flow velocity at the 
crest of the possible antidune wave was approximately 2.5 metres/sec. and 
the Froude Number calculated was 1.315. The value of the Froude Number 
for the maximum flow during the ’wet' season was calculated at 1.385, 
which I consider to be a fairly realistic figure.
The significant difference between the Froude Number values 
calculated from the Tewai and Wenga rivers in the ’dry’ season can be 
understood when the form of the river channels are considered. The 
Wenga is a fairly wide and shallow river and the stream velocity is not 
very large when compared to the Tewai River,. In contrast, the Tewai 
has a fairly narrow and shallow river channel where the stream velocity 
is very high. In the ’wet1 season, I would guess that both rivers are 
quite similar in terms of river width and depth and flow velocity and 
hence the value of the Froude number for both rivers would probably be 
very similar.
(d) Chezy Formula
The Chezy formula expresses velocity as a function of hydraulic 
radius and slope, and can be better expressed in terms of the Manning 
formula.
(e) Manning Formula - - t
The Manning formula is an attempt to refine the Chezy equation 
in terms of the constant C. Morisawa (1968) notes that n (the roughness 
factor) varies not only for different streams but also for the same 
stream under different conditions and at different times.
The values obtained for the roughness factor (n) from the Tewai 
River were .019 and .0145 and from the Wenga River, a value of .025 was 
recorded. Gregory and Walling (1973) record that for mountain streams
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with cobbles and large boulders, the roughness values should vary 
between «04 and .07 and far mountain streams with gravels, cobbles, 
and a few boulders, the roughness factor (n) varies between .03 and 
.05. Similar values are noted and illustrated by Barnes (1967).
Thus, it would appear that the values of n obtained from calculations 
of flow velocity are too small by a factor of approximately 2. The 
only factors in the Manning formula are flow velocity, hydraulic radius 
and slope and, based on snreamflow measurements done in the field in 
May 1976, I cannot envisage large errors in the measurement of these 
parameters. Thus, I cannot really explain the very low values for (n) 
obtained from the Tewai and Wenga Rivers.
(f) Critical tractive force
The critical tractive force is the force required to entrain 
a given grain. This can te calculated from the DuBoys equation which 
relates the critical tractive force to depth and the weight of the fluid 
and stream slope (gradient).
The main point to notice from the calculations is that during 
maximum flow* the critical tractive force is approximately twenty times 
greater than for the flow during the ’dry1 season for the Tewai River. 
This is only to be expected when the^  inferred depth of water flow for the 
’wet' season is compared to the depth of water flow for the ’dry’ season.
3.7.5 Summary
The calculations of the hydrology of the Tewai River during 
the ’wet’ season provide an estimate of the power which would enable 
the river to transport detrital fragments over considerable distances 
in probably a very short period of time. Even during the ’dry’ season
when the streampower is only a small fraction of the streampower during 
the ’wet’ season, limestone fragments several centimetres in diameter 
could saltate down the river (for further details, see Section 3.6.5).
I would imagine, that the hydrology of the Wenga River is very 
similar to that of the Tewai River during the ’wet' season, even though 
the results calculated from the measurement of the largest boulder 
suggest otherwise. However, as noted in Section 3.7.4, I would guess 
that this boulder in the Wenga River which has an intermediate diameter 
of 3 metres is not the result of fluvial transport during maximum 
streamflow in a ‘normal’ ‘wet’ season. Large limestone boulders of 
this size could only be transported as a result of some unusual 
catastrophic event, such as the release of a huge volume of water 
following the temporary impoundment of the waters of the Wenga River.
Unfortunately, I doubt it would possible to accurately determine 
the amount of bed load, carried during maximum streamflow in the ‘wet’ 
season and to determine how quickly the limestone fragments could move. 
However, one can imagine that at maximum discharge, large limestone 
boulders, several tens of centimeters in diameter, could saltate down 
the river.
Rapid transport of these limestone fragments will ensure that 
there is as little mechanical and chemical weathering as possible, 
which should help to ensure the eventual formation of the calclithite.
I would guess that limestone fragments which are not transported very 
quickly in only a very slow-moving stream would be completely eroded 
by chemical weathering before a calclithite, consisting of limestone 
fragments, could be formed.
3.8 Hydrogeochemistry of the Tewai and Wenga Rivers
3.8.1 Introduction.
Water samples from the Tewai and Wenga Rivers were taken during 
the field visit to the Huon terraces in May 1976. (For water sampling 
localities see Eig. 52). The purpose of this is to document the water 
chemistry of the rivers draining the limestone hinterland, to compare 
the results to the water chemistry of other streams draining limestone 
areas in different climatic regions,to determine rates of chemical 
weathering and possibly to determine the influence of rock and soil 
weathering on surface water chemistry.
Two series of water samples were collected. One series was 
analysed in the field at the recorded period of time after collection. 
The other series was brought back to Canberra for cation analyses. A 
portable HACH Direct Reading Engineer’s Laboratory (DR-EL/2) with a 
built-in Spectrophotometer was used to analyse the series of water and 
samples in the field. These analyses were made by E. Anne Felton.
The methods used in the analysis procedures are listed in Table 45.
The cation analyses were determined by atomic absorption spectroscopy 
by Mr. D. Fitzsimmons at the. Bureau of Mineral Resources, Canberra.
The specific conductance was determined by the author using a 
conductivity meter in the Department of Chemistry, A.N.U.
Water samples from three different localities on the Wenga 
River were collected by K.A.W. Crook in August 1971. At each location 
two water samples were collected in half-litre plastic bottles and 
were subsequently brought back to Canberra.
TABLE 45
METHODS USED IN WATER ANALYSES OF FIELD SAMPLES USING THE HACH DR-EL/2
M ethod
C arb o n  d i o x i d e T i t r a t i o n  w i t h  NaOH
D i s s o l v e d  o x y g en T i t r a t i o n  u s i n g  t h e  W in k le r - A z id e  
m e th o d
T u r b i d i t y A b s o r p t o m e t r i c  m eth o d
A l k a l i n i t y  ( a s  CaCO 3 ) 
( P h e n o l p h t a l e i n  a n d  
t o t a l  a l k a l i n i t y )
T i t r a t i o n
C a lc iu m  h a r d n e s s  
M agnesium  h a r d n e s s  
T o t a l  h a r d n e s s
T i t r a t i o n
S u l f a t e T u r b i d i m e t r i c  m e th o d  ( d i r e c t  r e a d i n g )
N i t r a t  e ( N i t r o g e n ) Cadmium, r e d u c t i o n  m e th o d  ( d i r e c t  r e a d i n g )
P h o s p h a t e  ( t o t a l ) O x i d a t i o n  t o  o r t h o p h o s p h a t e  
( d i r e c t  r e a d i n g )
C h l o r i d e O r t h o t o l i d i n e  m e th o d  ( d i r e c t  r e a d i n g )
S i l i c a H e t e r o p o l y  b l u e  m e th o d  ( d i r e c t  r e a d i n g )
T o t a l  i r o n 1 , 1 0 - P h e n a n t h r o l i n e  m e th o d  ( d i r e c t  
r e a d i n g )
Ph D i r e c t  r e a d i n g
M anganese P e r i o d a t e  o x i d a t i o n  m eth o d  ( d i r e c t  
r e a d i n g )
The purpose of analysing these samples was to compare them to 
the fresh samples analysed 1 in the field’ in May 1976. However, there 
would appear to be significant differences between the two sets of 
readings, viz. the 1971 samples have been stored in plastic bottles 
for 5 years presumably under varying temperature conditions and these 
samples were collected in. August, possibly when the flow of the Wenga 
may have been quite different. Nevetheless, it was considered worthwhile 
performing the analyses and examining the results obtained.
3.8.2 Results and Discussion of the Water Chemistry Analyses
The results of all the chemical analyses are listed in Tables 
46-50. (Eor discussion on variations between the ’1971 samples’ and 
’1976 samples’, see Section 3.8.4). Each of the major elements and 
constituents analysed are now briefly discussed.
Dissolved Oxygen: The values recorded range from 7 to 9 mg/1.
Considering the varying temperatures and degree of accuracy, I do 
not consider this variation significant. As Hem (1970) has noted, 
the solubility of oxygen in water is mainly a function of temperature 
and pressure of oxygen, The solubility at 10 C is 11.33 mg/1 and at 
30°C, 7.63 mg/1.
Carbon Dioxide: The values recorded range from 14 to 18 mgft. Again,
I do not consider this variation very significant.
Alkalinity: (expressed as bicarbonate ion concentration)
The results obtained would appear to be fairly normal figures for 
waters draining limestone terrains with little or no variation between 
the two rivers. Hem (1970) notes that the bicarbonate concentration 
of natural surface waters generally is held within a moderate range
250.
TABLE 46
WATER CHEMISTRY ANALYSES : TEWAI RIVER
Water Sample No.
1. Date of analysis: 14.5.76 (a.m. sample)
Location: Tewai River mouth (Locality TR-1) Sample No. TR1-1
2. Date of analysis: 15.5.76
Location: Tewai River mouth (Locality TR-1) Sample No. TR1-2
This sample was taken from the same locality as specimen 1 but 
was analysed 23 hours later.
3. Date of analysis: 15.5.76 (p.m. sample)
Location: Tewai River Upper Crossing (Locality TR-2) Sample No. TR2-3
4. Date of analysis: 15.5.76
Location: Tewai River Upper Crossing (Locality TR-2) Cample No. TR2-4
This sample was taken from the same locality as specimen 3 but was 
analysed 23 hours later.
Water temperature: 1. 20°C
o2. 27 C
3. 20°C (initially) then 27°C
4. 27°C
Ambient temperature: 1. 25°C
o2. 27 C
3. 27°C 
27°C4.
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TABLE 46 (cont’d)
Water Sample Number
1. Carbon Dioxide (mg/1)
TR1-1
16
TR1-2
14
TR2-3
18
TR2-4
14
2. Dissolved Oxygen (mg/1) 9 8 9 8
3. Turbidity (FTU) 15 15 18 10
4.
•%
Alkalinity (as CaCO )(mg/l)(HC0 )O O 130 130 125 140
5. Calcium Hardness (as CaCO )(mg/1)O 110 110 110 110
6. Magnesium Hardness (mg/1) 15 10 10 15
7. Total Hardness (as CaCO )(mg/1)O 125 120 120 125
8. Sulfate (mg/1) 5.2 5.0 6.0 3.0
9. Nitrate (mg/1) 0.4 0.6 0.7 0.6
10. Phosphate (total)(mg/3.) 0.15 0.17 0.06 0.10
11. Chloride (mg/1) 2.5 2.5 2.5 2.5
12. Silica (mg/1) 52.5 nd nd nd
13. Total Iron (mg/1) 0.02 nd nd nd
14. pH nd 8.1 8.4 7.9
nd = not determined
Alkalinity expressed as bicarbonate ion concentration
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TABLE 47
WATER CHEMISTRY ANALYSES : WENGA RIVER
Water 
Sample 
No.
1. Date of analysis: 20.5.76 (pm sample)
Location: Wenga River (Locality WR-1) (Sample No. WR1-1)
2. Date of analysis: 20.5.76 (pm sample)
Location: Wenga River (Location WR-2) (Sample No. WR2-2)
3. Date of analysis: 21.5.76 (am sample)
Location: Wenga River (Location WR-1) (Sample No. WR1-2) 
Water temperature and ambient temperature for all samples = 26°C.
Water sample nos.
1 . Carbon Dioxide (mg/1)
WR1-1
16
WR2-2
16
WR1-2
14
2. Dissolved Oxygen (mg/1) 8 7 8
3. Turbidity 0 5 4
4. Alkalinity (as CaC0 3 )(mg/1)“ 135 125 135
5 . Calcium Hardness (as CaC03)(mg/l) 110 105 115
6 . Magnesium Hardness (as CaC03)(mg/1) 15 20 15
7. Total Hardness (as CaC03)(mg/l) 125 125 130
8. Sulfate (mg/1) 1 2 1
9. Nitrate (mg/1) 1 0.8 0.8
10. Phosphate (mg/1) 0.21 0.17 0.15
11. Chloride (mg/1) 2.5 5.0 2.5
12. Silica (mg/1) nd nd nd
13. Total Iron (mg/1) nd nd nd
14. pH 8.1 8.5 8.4
nd = not determined
= Alkalinity expressed as bicarbonate ion concentration.
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TABLE 48
CATION ANALYSES FROM THE TEWAI AND WENGA RIVERS
Tewai River
Sample No. (ppm) SiO? Na K Ca Mg
1 .13 32 2,35 0.67 29.8 3.65
1.18 32 2.60 0.81 30.7 3.85
1.30 27 2.40 0.50 31.6 3.90
2.1 37 2.50 0.78 27.7 3.65
2.2 37 2.60 0.90 27.5 3.65
Wenga River
Sample No. (ppm) SiO2 Na K Ca Mg
1.10 9 1.70 0.90 32.0 4.25
1.20 9 1.65 0.25 33.7 4.45
2.1A 12 3.25 1.28 34.4 4.50
2.IB 12 1.25 0.63 32.4 4.35
Approximate 
Errors (in ppm)
±2 ±0.05 ±0.02 ±1.0 ±0.05
Analyses performed by D. Fitzsimmons, B.M.R. , Canberra , 13/8/76.
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TABLE 49
WATER CHEMISTRY ANALYSES : WENGA RIVER
(1971 Samples)
1. Date of collection: 11.8.71
Date of analysis: 4.8.76
Location: Wenga River on Track from Kumukio to Gitua.
(No. KCNG 239/71XA)
Temperature of water at time of collection: 72°F (22°C)
Temperature of water at time of analysis: 20°C
2. Date of collection: 11.8.71 
Date of analysis: 3.8.76
Location: Wenga River on Track from Kumukio to Kingalakna at
Kaumoraia. (No. KCNG 245/71) (B)
Temperature of water at time of collection: 71°F (21.5°C)
Temperature of water at time of analysis: 20°C
3. Date of collection: 12.8.71
Date of analysis: 7.8.76
Location: Wenga River on Track from Gitua to Sio.
(No. KCNG 249/71) (C)
Temperature of water at time of collection: 70°F (21°C)
Temperature of water at time of analysis: 20°C
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TABLE 49 ( c o n t ' d )
Sample No.
A B C
1 . Carbon d i o x id e  (mg/1) 12 11 10
2. D i s s o lv e d  oxygen (mg/1) 9 8 8
3. T u r b i d i t y  (FTU) 5 5 5
4 . A l k a l i n i t y  ( a s  CaCO ) (m g/1)
O
80 90 80
5. C a lc ium  h a r d n e s s  ( a s  CaCO ) (m g/1)
O
80 75 75
6 . Magnesium h a r d n e s s  (mg/1) 10 20 20
7. T o t a l  h a r d n e s s  ( a s  CaC0q ) ( m g / l ) 90 95 95
8. S u l f a t e  (m g/1) 1 .5 1 .5 2 .0
9 . N i t r a t e  (m g/1) 0 .5 0 .7 0 .5
10 . P h o s p h a te  (m g/1) ( t o t a l ) .09 .07 .14
11. C h l o r id e  (mg/1) 2 .5 2 .5 2 .5
12 . S i l i c a  (m g/1) 5 .0 5 .0 4 .4
13. T o t a l  i r o n  (mg/1) 0 .3 0 .4 0 .4
14 . pH 8 .4 8 .6 8 .2
15 . Manganese (mg/1) 0 .2 0 .2 0 .2
A l k a l i n i t y  e x p r e s s e d  a s  b i c a r b o n a t e  io n  c o n c e n t r a t i o n .
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TABLE 5Q
SPECIFIC CONDUCTANCE OF WATER SAMPLES
Cell Constant = 1.52 
Specific Conductance Cell Constant Resistance
Specific
Sample Number Resistance Conductance
(ohm) (micromhos)
Tewai River
TR1-13 .32 X 10 4 475
TR1-18 .324 X
J"o 1—1 469
TR1-30 (large) .31 X 10 4 490
TR2-1 .35 X 104 434
TR2-2 .347 X 104 43 8
Wenga River
WR1-10 .315 X 104 483
WR1-20 (large) .306 X 104 497
WR2-1A .331 X 10 4 459
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(generally less than 200 mg/1) by the effects of carbonate equilibria* 
Livingstone (1963) records a mean value of 58.4 ppm for the bicarbonate 
concentration in river waters of the world.
Hardne-ss (Calcium, Magnesium, and Total): Again the results obtained
would appear to be fairly normal for waters draining limestone terrains 
with little or no variation between the two rivers. Hem (1970) notes 
that water hardness values are usually at their highest (often greater 
than 300 mg/1) where surface waters have been in contact with limestone 
or gypsum. The range of hardness values in surface waters draining 
limestone terrains will be discussed in more detail in Section 3.8.6.
Chloride: The relatively low values of chloride obtained (2.5 mg/1
and 5 mg/1) are not unexpected and there would appear to be little or 
no variation in chloride content between the two rivers even allowing 
for the large range in errors. Chloride is normally only found in 
low concentrations in natural waters (Hem 1970). Livingstone (1963) 
records a mean value of 7.8ppm for chloride concentrations for river 
waters of the world.
Phosphate: The very low values of phosphate were, again, not
unexpected. There is some variation in concentration between samples 
and between rivers, however, I do not think these are particularly 
significant. Phosphate, in all its varying forms, due to its wide 
range of oxidation states, is usually found in high concentrations 
in natural waters only where there has been ’man-made interference', 
invariably pollution, to the aquatic system.
Nitrate: Basically, the comments that apply to phosphate apply here.
Low values (of nitrate), with some insignificant variations, were recorded. 
Nitrate too, has a large number of oxidation states and is often found
258.
in high concentrations in natural waters where there has been pollution 
of these natural waters. Livingstone (1963) records a mean value of 1 ppm 
for Nitrate, from river waters of the world.
Sulphate: The values obtained for sulphate are fairly low and show
a considerable variation between the two rivers, with the values for 
the Tewai River being significantly higher. Two possible reasons for 
these different values may be given. Firstly, higher rainfall in the 
Tewai River region. Hem. (1970) reports rainfall with concentrations 
in excess of 10 mg/1) or secondly, differences in the lithology of rocks 
in the upper reaches of the drainage basin. In particular, the occurrence 
of basaltic rocks in the Tewai River basin which probably have a much 
higher sulphate content than the surrounding carbonate rocks. Livingstone 
(1963) records a mean value of 11.2 ppm for sulphate from river waters 
of the world.
Sodium: The values for sodium obtained are fairly low, with no real
significant variations. However, this is only to be expected considering 
the fact that carbonate rocks are the most common rock type in the 
drainage basin. Sodium has a much greater concentration in igneous 
rocks. Hem (1970) notes that the sodium content of natural waters ranges 
from less than 1 mg/1 in dilute stream run-off to greater than 100,000 
mg/1 in brines of closed basins. A mean value of 6.3 ppm for sodium 
concentration from river waters of the world has been recorded 
(Livingstone 1963).
Potassium: The concentration of potassium in the Tewai and Wenga
rivers is very low. This again, is not surprising considering the 
carbonate rocks in the drainage basins of these rivers. Hem (1970) 
notes that in the more dilute waters, where sodium contents are below 
10 mg/1, the potassium concentration may commonly be half or a tenth
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t h a t  o f  sod ium . In  t h e  c a s e  o f  t h e  sam p les  a n a ly s e d  from  t h e  Tewai and 
Wenga r i v e r s ,  t h e  p o ta s s iu m  c o n c e n t r a t i o n  r a n g e s  from a p p r o x im a te ly  o n e -  
t h i r d  o r  o n e - s i x t h  t h a t  o f  sod ium . L iv in g s to n e  (1963) r e c o r d s  a  mean 
v a lu e  o f  2 .3  ppm f o r  p o ta s s iu m  from  r i v e r  w a te r s  o f  t h e  w o r ld .
Calcium: In  m ost n a t u r a l  w a t e r s ,  c a lc iu m  i s  t h e  p r i n c i p a l  c a t i o n
(Hem 1970) and  L iv in g s to n e  (1963) r e c o r d s  a  mean v a lu e  o f  15 ppm f o r  
c a lc iu m  f o r  r i v e r  w a t e r s  in  t h e  w o r ld .  As e x p e c t e d ,  t h e  v a l u e s  f o r  
c a lc iu m  c o n c e n t r a t i o n  f o r  t h e  Tewai and Wenga R iv e r s  exceed  t h i s  mean 
v a l u e .  I t  i s  w o r th  n o t i n g  t h a t  th e  c a lc iu m  c o n c e n t r a t i o n  i s  s l i g h t l y  
h i g h e r  i n  t h e  Wenga R i v e r .
Magnesium: L i v in g s to n e  (1963) r e c o r d s  a  mean v a lu e  o f  4 .1  ppm f o r
magnesium from  r i v e r  w a t e r s  o f  t h e  w o r ld .  The v a lu e s  f o r  magnesium 
from  th e  Tewai R iv e r  a r e  s l i g h t l y  be low  t h i s  mean v a l u e ,  w h e re as  t h o s e  
from  th e  Wenga R iv e r  a r e  h i g h e r .
S i l i c a :  The r e s u l t s  o b t a i n e d  in  t h e  p r e s e n t  s tu d y  show a s i g n i f i c a n t
v a r i a t i o n  be tw een  t h e  Tewai and Wenga r i v e r s ,  w i th  t h e  c o n c e n t r a t i o n s  
r e c o r d e d  from  t h e  Tewai R iv e r  w e l l  above th e  mean v a lu e  o f  13 .1  ppm 
f o r  s i l i c a  from  r i v e r  w a te r s  o f  t h e  w o r ld  r e p o r t e d  by  L i v in g s t o n e  
( 1 9 6 3 ) .  T here  does  n o t  a p p e a r  to  be  any  o b v io u s  r e a s o n s  f o r  t h e s e  
l a r g e  d i f f e r e n c e s  be tw een  t h e  two r i v e r s .  The e r r o r s  in  p e r f o r m in g  
t h e  a n a l y s e s  ( -  2 ppm) a r e  n o t  r e a l l y  s i g n i f i c a n t  and  would n o t  e x p l a i n  
t h e  l a r g e  d i f f e r e n c e s .
A l th o u g h  i t  h a s  lo n g  b een  th o u g h t  t h a t  h ig h  s i l i c a  c o n c e n t r a t i o n s  
a r e  commonly t o  be fo u n d  i n  t r o p i c a l  r i v e r s ,  s e v e r a l  s t u d i e s  su c h  a s  
t h o s e  by D av is  (1964) and  D oug las  (1969) have shown t h a t  c l i m a t e  does  
n o t  a f f e c t  s i l i c a  c o n c e n t r a t i o n .  In  f a c t ,  D av is  (1964) c o n s id e r e d  t h a t  
s i l i c a  c o n c e n t r a t i o n  d oes  n o t  depend on pH, s a l i n i t y ,  s u r f a c e  v e g e t a t i o n ,
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temperature (unless greater than 35°C) or climate, but that it is 
dependent on the rocks and minerals in contact with the water. Davis 
notes that the lowest silica concentration is from water in carbonate 
rocks.
If these conclusions of Davis are correct then there must be 
other, unknown factors which control silica concentrations in natural 
waters and which may explain why there is such a large difference in
concentrations between the two and why the silica concentrations in 
the Tewai River are so high.
Iron and Manganese: Very low concentrations of iron and manganese were
were recorded from a number of samples. High concentrations of these 
two elements are usually only found in special conditions, e.g. waters 
of low pH, waters draining mining areas.
pH: All pH values recorded were in the range 7.9 to 8.6. These
values are common in limestone terrains and will be discussed in more 
detail in Section 3.8.6.
H “' / ^  
n>s> '
Specific Conductance: Probably the major reason for measuring
specific conductance is to provide a check on the accuracy of the 
analysis by determining the ratio of Total Dissolved Solids (T.D.S.) 
to the specific conductance (see section on Discussion of Errors 
for further comments). It is also worth noting that the specific 
conductance of natural surface waters has a wide range from 50 to 
50,000 micromhos and that water temperature affects specific 
conductance (Hem 1970).
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Total Dissolved Solids: T.D.S. values of 139 ppm and 140 ppm were
calculated for water samples from the Tewai River and values of 
121 ppm and 123 ppm calculated for water samples from the Wenga River. 
These values were calculated by adding up the concentrations of the 
various dissolved constituents. To check on the accuracy of these 
calculations, T.D.S. values can also be determined by evaporating an 
aliquot of the water sample to dryness and weighing the residue. Using 
this method, T.D.S. values of 150 ppm, 157 ppm, and 152 ppm were 
recorded for water samples from the Tewai River and values of 145 ppm, 
149 ppm, and 150 ppm were recorded for water samples from the Wenga 
River. These slightly higher values may be due to either the inclusion 
of a small amount of suspended load in the water sample or the 
exclusion of various dissolved constituents which were not analysed 
for and thus were not included in the T.D.S. calculations.
The T.D.S. value can be used to obtain an estimate of the 
rate of chemical denudation in the particular river basin and, by 
comparison to the specific conductance value, an indication of the 
accuracy of the chemical analysis.
3.8.3 Discussion of Errors in the Anion-Cation Analyses
The ’first1 source of error is likely to be with the accuracy 
of the HA.CH Direct Reading Engineer's Laboratory (DR-EL/2).
After using the machine for the water samples analysed 'in the 
field' in May 1976, E. Anne Felton noted (written comm.) that titrations 
were accurate to 0.05 ml so that the values of concentration can be 
worked out using the appropriate multiplier, e.g. for calcium hardness 
of 115 mg/1, the accuracy is 115 - 5 mg/1. In the case of chloride, 
the degree of accuracy is significant. Eor a chloride concentration
•j*of 2.5 mg/1, the accuracy would be 2.5 - 2.5 mg/1 because of the 
accuracy of titration to 0.05 ml.
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In the case of the tests done with the spectrophotometer, the 
degree of accuracy is probably not very significant. Probably the 
major source of error would be in the reading from the spectrophotometer 
because the cards are usually only marked at 0.2 mg/1 intervals on a 
logarithmic scale and hence the degree of accuracy should be - .03 mg/1. 
In the case of compounds which are only present in small amounts, this 
may represent a significant degree of accuracy.
To test the machine’s accuracy further a series of standard 
solutions were prepared and subsequently analysed. In all cases, the 
levels of accuracy were within the levels of accuracy for titration, 
i.e. - .05 ml and the level of accuracy for direct readings, i.e. 
approximately ± .03 ml.
The ’second’ source of error is with the cation analyses 
performed at the B.M.R. In this case, the errors recorded are listed 
with the results (Table 48).
Finally, the chemical analyses can be checked by two methods. 
Firstly, the percentage error in the cation-anion balance and secondly, 
by comparing the specific conductance and total dissolved solids 
(Hem 1970).
The results from the anion-cation balance (Table 51) indicate 
a significant error in the analyses. Hem (1970) notes that the 
difference between the two sums (of anions and cations) will generally 
not exceed 1 or 2 percent. The fact that the errors are all in the 
same order of magnitude (3.8 - 11.1%) and the mill equivalent/litre 
of anions is always greater than for cations, seems to suggest that 
there may be some cation that has not been analysed. As Hem (1970) 
noted:
’... in some waters it may be difficult to ascertain the
forms of some of the ions reported in the analyses’.
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TADLE 51
ANION -  CATION BALANCES AND ERRORS
( a )  Tewai  R i v e r  L o c a t i o n  TR-1
Samples  u se d :  No. 1 and a v e r a g e  o f  TR1 -  13 ,  TR1 -  18 and TR1 -  30
C a t i o n s  mg/1 meq/1
Anions
Na 2 .45 .11
K 0 .66 .02
Ca 3 0 .7 1 .5 4
Mg 3 .80 .32
1 .99
hco3 130 2 .13
C l 2 .5 .07
so4 5 .2 .10
N03 .4 .01
2 .3 1
( b ) Tewai R i v e r  L o c a l i t y  TR-2
Samples  u s e d ;  No. 3 and  a v e r a g e  o f  TR2-1 and TR2-2
C a t i o n s
Na
K
Ca
Mg
mg/1 meq/1
2 .55 .11
0 .8 4 .02
27 .6 1 .38
3 .65 .30
1 .8 1
Anions
HC0 125 2.05
3
Cl 2 .5 .07
S04 6 .0 .12
no3 0 .7 0 .02
2 .26
2 6h.
(c) Wenga River Locality WR-1
Samples used: Average of 1 and 3 and an average of WR1 - 10
and WR1 - 20
(d)
Cations mg/1 meq/1
Na 1.68 .07
K .58 .02
Ca 32.8 1.64
Mg 4.25 .36
2.09
Anions
h c o 3 135 2.22
Cl 2.5 .07
s o4 1.0 .02
n o 3 0.9 .02
2.33
Wenga River Locality WR--2
Samples used: No 2 and average of WR2 - 1A and 2
Cations mg/1 meq/1
Na 2.25 .10
K .96 .03
Ca 33.4 1.67
Mg 4.43 .37
2.17
Anions
h c o 3 125 2.14
Cl 5 .14
S04 2 .04
NO 3 0.8 .02
- IB
2.34
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E r r o r s ( c a l c u l a t e d  as T o t a l  C a t i o n s  -  T o t a l  Anions T o t a l  C a t i o n s  + T o t a l  Anions x 100)
( a ) .324 .3
( b )
.45
4 .07
( c )
.24
4 .42
(d ) .174 .5 1
x 100 = 7 . 4  %
x 100 = 1 1 .1  %
x 100 = 5 . 4  %
x 100 = 3 . 8  %
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The second method of checking for accuracy is by calculating 
the concentration of Total Dissolved Solids (T.D.S.) and comparing this 
concentration to the specific conductance. The results (Table 52) 
indicate ratios in the range .25 to .32. However, Hem (1970) notes 
that the ratio should be in the range 0.55 to 0.75 for waters of 
ordinary composition. Waters which are high in HCO3 and Cl should 
have a ratio near the low end of this range. Again, there would appear 
to be a fairly large error in the analyses and again this may be due 
to the fact that some particular cation(s) were not analysed for.
In the case of the values recorded by Hendrickson and Kreiger 
(1964) it would appear that the ratio of Total Dissolved Solids to 
Specific Conductance is always in the range 0.55 to 0.75 which 
indicates the chemical analyses are fairly accurate (Hem. 1970).
3.8.4 Errors Resulting from Analysing Water Samples after a Period 
of Time
The results obtained from analysing samples from the Tewai 
River after a period of time, in this case 23 hours, show only slight 
variations from samples analysed immediately after collection. Decreases 
in carbon dioxide, turbidity, and sulphate content from water collected 
at locality TR-2, where noted. However, it is not really possible to 
determine if these decreases are significant and the different concen­
trations recorded may be due mainly to experimental error.
The results obtained from analysing the water samples collected 
from the Wenga River in 1971 (Table 49) again showed only slight 
variations from samples analysed immediately after collection in May 
1976. The only major differences are in the values for alkalinity 
(bicarbonate ion concentration) and hardness. These differences may 
be explained by the fact it has been shown that bicarbonate concentration
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TABLE 52
TDS - SPECIFIC CONDUCTANCE RATIOS
Tewai River
( a) Locality TR-1
Samples used: No. 1 and average of TR1-13 , 1-18, and 1-30
(b) Locality TR-2
Samples used: No. 3 and average of TR2-1 and TR2-2
Wenga River
( c) Locality WR-1
Samples used: Average of No. 1 and 3 and an average of 
WR1-10 and 1-20
(d) Locality WR-2
Samples used: No. 2 and WR2-1A
Sample TDS Specific Conductance Rat io(micromhos)
(a) 139 478 .29
(b) 140 436 .32
(c) 121 490 .25
(d) 123 459 .27
T.D.S. concentration calculated as sum. of anions, cations and Si02
plus HCO3 concentration divided by 2.03 to give equivalent amount 
of carbonate on evaporation to dryness.
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and hardness vary with the discharge and the lower values recorded from 
the samples collected in 1971 could well represent a higher river dis­
charge at the time of collection.
3.8.5 Hydrogeochemistry of Streams Draining Limestone Terrains
Many workers throughout the world have studied the geochemistry 
of waters draining limestone terrains, particularly the calcium and 
magnesium content and the hardness of these waters. The main reasons 
for this are, firstly, to observe changes in the calcium and magnesium 
concentrations at different times and to correlate these changes with 
variations in discharge and secondly, calculations for rates of limestone 
solution are based on total hardness of the water over a specified 
period. The fact that,in most cases, only calcium and magnesium 
concentrations and the value of total hardness are determined is in 
contrast to many other studies of the geochemistry of natural waters 
throughout the world. In these studies, it is common practice to 
analyse for Potassium, Sodium, Silica, Chlorine, Bicarbonate, and 
Sulphate as well as Calcium, Magnesium, and the value for hardness.
The probable reasons for this are firstly, calcium, magnesium, 
and., hardness values can be easily and fairly accurately analysed and 
secondly, most studies relating to the hydrology or erosion of limestone
. . .  Iterrains only require analysis of waters for calcium, magnesium, and 
hardness. In addition many analyses of natural waters, e.g. the series 
of water quality analyses published under the United States Geological 
Survey’s. Water Supply series, appear to have been done without any 
consideration of the rock type in the particular river basin. I would 
have thought that the particular rock type would significantly control 
the water chemistry of the streams in the particular river basin and 
thus there would seem little point in comparing analyses from, the Tewai
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and V/enga Rivers with analyses from rivers where the lithology of the 
rocks in the river basin was not known.
Unfortunately, I was not able to find any references to analyses
of water samples from limestone terrains where calclithites Were 
forming, i.e. where there is a considerable amount of carbonate 
detritus in the stream/river, e.g. in streams/rivers in a periglacial 
environment. Thus, I can only compare the results from the Tewai and 
Wenga Rivers to chemical analyses of natural waters from streams and 
rivers which drain terrain where carbonate rocks are predominant and, 
where chemical weathering of the carbonate rocks is much greater than 
mechanical weathering.
3.8.6 Comparison Between Hydrogeochemistry of Rivers of the Rai Coast
compared to results obtained from other limestone regions around the 
world.
Dissolved Oxygen
solubility of oxygen in water is mainly a function of temperature and 
pressure. Hence variations between dissolved oxygen content from 
limestone terrains in different regions will occur because of 
differences in climate and altitude.
Carbon Dioxide
As noted in Section 3.8.2, I could not find any references to 
studies which record the vaJ.ue of carbon dioxide content of water
and Rivers from other Limestone Terrains
The results from the Tewai and Wenga rivers are now briefly
As discussed in Section 3.8.2» Hem. (1970) notes that the
Cf jff by j
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Alkalinity (expressed as bicarbonate ion concentration)
It would appear that the bicarbonate ion is often the major 
anion present in waters draining limestone terrains. Very often, there 
are no carbonate ions present, as in the case of the waters of the 
Tewai and Wenga rivers. Hendrickson and Krieger (1964) record bicarb­
onate concentrations ranging from 84 to 272 ppm over a three-year period 
from limestone terrain in the Blue Grass Region, Kentucky with the 
highest values of concentration being recorded at or about the lowest 
mean discharge and the lowest values of concentration recorded close 
to maximum mean discharge. It is likely that the bicarbonate ion 
concentration of the rivers along the Rai Coast also vary with discharge.
Hardness (Calciim3 Magnesiumand Total)
Hardness values have been studied in considerable detail from 
many limestone terrains throughout the world. Probably the major reason 
for this is that hardness values (total hardness) are used in the 
formulas of Corbel (1959a) and Williams (1963) to calculate rates of 
limestone erosion.
A considerable amount of work has been done to study the 
relationship between hardness and stream discharge.
Smith and Head (1962), based on work in the Hendips, England, 
showed that carbonate hardness varied with stream discharge, with 
the highest values correlating with the lowest stream discharge,
Douglas (1968) also studied the relationship between hardness and 
stream discharge in some detail, and notes that although many rivers 
have maximum hardness values for minimum stream discharge, there are 
two anomalous examples, the River Thames at Eynsham and the Hull 
River at Hempholme Weir which have maximum hardness values for maximum 
stream discharge. These anomalous results may result from other
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factors which could influence the recorded hardness and a more detailed 
examination is needed. Douglas concludes that the study of the chemistry 
of karst waters is only suitable for long-term observations.
Jennings (1972) has studied the discharge, suspended sediment 
concentration and total hardness at the Blue Waterholes, Cooleman 
Plains, N.S.W. His results, over a four-year period, clearly demonstrate 
that the lowest values of total hardness occur at the time of maximum 
discharge. Undoubtedly, the hardness values from the Tewai and Wenga 
rivers will also vary with the discharge. As noted previously in this 
section, the hardness values of water samples collected in August 1971 
are quite different from values recorded in May 1976. This could well 
be due to variations in discharge.
It also can be concluded that it is preferable when calculating 
rates of limestone erosion to use a mean value of total hardness which 
is based on records taken over a number of years, rather than on a 
single observation.
Chloride
The low concentrations of chloride in waters draining the 
limestone terrain of the Rai Coast can be compared to other low concen­
trations of chloride in waters draining limestone areas in Kentucky 
Hendrickson 6 Krieger 1964) and Cooleman Plain, N.S.W. (Jennings 1972). 
Thus, it may be tentatively concluded that chloride is only found in 
low concentrations in surface waters draining limestone terrains.
However, more data is needed before this can be positively stated.
Phosphate
Unfortunately, neither Hendrickson and Krieger (1964) nor 
Jennings (1972) record phosphate concentrations from the surface 
waters they studied.
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Nitrate
Hendrickson and Krieger (1964) record nitrate concentrations 
ranging from 5.1 to 18 ppm in surface waters from limestone terrain in 
Kentucky, with the highest concentrations found in the period of lowest 
stream discharge. The nitrate concentration of waters from the Tewai 
and Wenga Rivers are all less than or equal to 1 ppm, which is much 
lower than the values recorded by Hendrickson and Krieger (1964). 
Unfortunately, Jennings (1972) does not record nitrate concentrations 
from the water at the Blue Waterholes and it is hard to draw any 
definitive conclusions based on only two different areas.
Sulphate
Hendrickson and Krieger (1964) record sulphate concentrations 
ranging from 9.1 to 44 ppm for the waters draining the limestone region 
in Kentucky, again with the highest concentrations found in the period 
of lowest stream discharge. The sulphate concentrations from the Tewai 
and Wenga Rivers were again lower than concentrations recorded by 
Hendrickson and Krieger (1964) with a significant difference between 
the concentrations from the two rivers,as mentioned in the previous 
section. Again, it is hard to draw any real conclusions when there 
are probably any number of variables involved could effect the 
concentration. Jennings (1972) does not record sulphate values from 
the surface waters at the Blue Waterholes.
Sodium
It would appear that sodium concentrations for surface waters 
draining limestone terrains are lower than the mean value of 6.3 ppm 
recorded by Livingstone (1963), as noted previously in Section 3.8.2. 
Hendrickson and Krieger (1964) record a range from 1.2 to 6.2 ppm
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(w ith  t h e  h i g h e s t  c o n c e n t r a t i o n s  a t  t h e  l o w e s t  d i s c h a r g e ) ,  J e n n in g s  
(1972) r e c o r d s  a r a n g e  from  1 .1  t o  2 .4  ppm and t h e  sam p les  from  th e  
Tewai and Wenga R i v e r s  r a n g e  from  1 .2 5  t o  3 .25  ppm.
Potassium
H e n d r ic k so n  and K r i e g e r  (1954)  r e p o r t  p o ta s s iu m  c o n c e n t r a t i o n s  
r a n g in g  from 1 .8  t o  4 .0  ppm* However, t h e  h i g h e s t  c o n c e n t r a t i o n s  a r e  
found  a t  th e  p e r i o d s  o f  maximum d i s c h a r g e s w h ic h  i s  q u i t e  u n u s u a l .  
J e n n in g s  (1972) a l s o  n o t e s  t h a t
’ . . .  Nor i s  t h e r e  any  s i g n i f i c a n t  c o r r e l a t i o n  be tw een  
p o ta s s iu m  and d i s c h a r g e  . . . ’
J e n n in g s  r e c o r d e d  c o n c e n t r a t i o n s  from  .2 t o  1 .2  ppm from  h i s  a r e a .
The e x p l a n a t i o n  f o r  t h e  anom alous r e l a t i o n s h i p  be tw een  p o ta s s iu m  
c o n c e n t r a t i o n  and d i s c h a r g e  may be e x p la i n e d  by t h e  f a c t  t h a t ,  b a s e d  
on work in  t h e  B a rro n  R i v e r ,  n o r t h  Q u e e n s la n d ,  D oug las  (1955) found  
t  h a t  p o ta s s iu m  a b s o rb e d  o n to  c l a y s  d u r in g  d ry  p e r i o d s  b u t  d i d  n o t  
d u r in g  t u r b u l e n t  f l o o d  f lo w s  and c o u ld  t h u s  be d e t e c t e d  in  g r e a t e r  
c o n c e n t r a t i o n s .  The v a lu e s  from  t h e  Tewai and Wenga R i v e r s  a r e  s i m i l a r  
t o  th o s e  r e c o r d e d  by J e n n in g s  (1972 )  w i th  a r a n g e  from  0 .25  t o  1 .2 8  ppm
C aloium
The c a lc iu m  (and  m agnesium ) c o n c e n t r a t i o n  o f  s u r f a c e  w a te r s  
d r a i n i n g  l im e s to n e  a r e a s  h a s  b een  s t u d i e d  in  some d e t a i l  by q u i t e  a 
l a r g e  number o f  p e o p l e ,  and t h e r e  seems l i t t l e  p o i n t  in  r e c o r d i n g  a l l  
t h e s e  f i g u r e s  f o r  c a lc iu m  (and  m agnesium) c o n c e n t r a t i o n s  in  t h i s  t h e s i s  
However, v a lu e s  commonly r a n g e  be tw een  10 and 100 ppm. V a lu e s  f o r  
t h e  Tewai and Wenga R i v e r s  r a n g e  from 27 .5  t o  3 4 .4  ppm. As a g e n e r a l  
r u l e ,  t h e s e  s t u d i e s  a l l  show c a lc iu m  c o n c e n t r a t i o n s  a r e  g r e a t e s t  w i th  
t h e  minimum s t r e a m  d i s c h a r g e  and lo w e s t  w i th  t h e  maximum s t r e a m  d i s ­
c h a r g e ,  e . g .  H en d r ick so n  and K r i e g e r  ( 1 9 6 4 ) .  I have  l i t t l e  d oub t  t h a t
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the same relationship between discharge and calcium concentration would 
be found if records for the Tewai and Wenga Rivers were taken for a 
sufficiently long period of time.
Magnesium
As with the measurements of calcium concentration, measurements 
of magnesium concentration have been done by a large number of people 
over long periods of time. Values for magnesium concentration commonly 
range between 1 and 20 ppm. Values from .the Tewai and Wenga rivers 
range from 3.65 to 4.5 ppm. Again, highest concentrations are found 
associated with the periods of minimum discharge (Hendrickson 6 
Krieger 1964) and it is probable that this relationship would hold for* 
the magnesium content of waters of the Tewai and Wenga rivers over a 
period of time.
Silica
As noted in Section 3.8.2, the silica content of the Tewai River 
is extremely high (27-37ppm) in contrast to the concentrations recorded 
from the Wenga River (9-12ppm). Hendrickson and Krieger (1964) record 
values ranging from 4.4 to 17 ppm silica from waters draining limestone 
terrain in Kentucky. However, the maximum silica concentrations could 
not be correlated with the minimum stream discharge. Jennings (1972) 
records concentrations ranging from 9.0 to 18.5 ppm with the spring 
waters showing a weak inverse relationship with discharge, but surface 
flow down the creek bed to the springs has, in contrast, a direct 
relationship with discharge. Jennings (1972) considers that much of 
the silica is derived from the igneous rocks in the basin.
Even though there are some igneous rocks in the Tewai River
basin, I do not think they would account for all of the silica in the
study
water. Until a detailed^/of the silica content of the waters in the
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t h e  Tewai R iv e r  b a s i n  i s  d o n e ,  I  c a n n o t  r e a l l y  g u e s s  a t  t h e  f a c t o r s  
c o n t r o l l i n g  t h e  s i l i c a  c o n c e n t r a t i o n  o f  t h e  r i v e r s  and s t r e a m s  o f  th e  
R a i  C o a s t .
Iron and Manganese
H e n d r ic k so n  and K r i e g e r  (1964) r e c o r d  i r o n  c o n c e n t r a t i o n s  
r a n g i n g  from  .01 t o  .23 ppm and t h e s e  a r e  v e ry  s i m i l a r  t o  t h e  v a lu e s  
o b t a i n e d  from  t h e  Tewai R iv e r  ( .02ppm ) and  th e  Wenga R iv e r  ( . 3  t o  .4ppm ). 
However, H e n d r ic k so n  and K r i e g e r  (1964) r e c o r d  t h a t  t h e r e  a r e  no c l e a r  
r e l a t i o n s h i p s  b e tw een  i r o n  c o n c e n t r a t i o n  and  d i s c h a r g e .  U n f o r t u n a t e l y ,  
n e i t h e r  H e n d r ic k so n  and K r i e g e r  (1964) n o r  J e n n in g s  (1972) have  s t u d i e d  
th e  m anganase  c o n t e n t  o f  t h e  w a t e r s  i n  t h e  p a r t i c u l a r  a r e a s  t h e y  s t u d i e d .
pH
H e n d r ic k s o n  and K r i e g e r  (1964) r e c o r d  a pH ra n g e  f rom  7 .2  t o  
8 .1  f o r  t h e  w a t e r s  from, t h e i r  p a r t i c u l a r  a r e a .  However, t h e r e  was no 
r e l a t i o n s h i p  b e tw e en  pH and d i s c h a r g e .
J e n n in g s  (1972) p l o t s  t h e  pH v a l u e s  f o r  t h e  w a te r s  i n  t h e  
Cooleman P l a i n  r e g i o n  on a  g r a p h  o f  pH v a lu e s  p l o t t e d  a g a i n s t  t o t a l  
h a r d n e s s .  These p l o t s  o f  pH v s .  h a r d n e s s  g iv e  a  g u id e  t o  t h e  
a g g r e s s i v i t y  o r  o t h e r w i s e  o f  t h e  l im e s t o n e  w a t e r s .
The w a t e r  s a m p le s  from th e  Tewai and Wenga R i v e r s  when p l o t t e d  
on such  a g r a p h  ( E ig .  55) c l e a r l y  show t h a t  t h e  w a t e r s  a r e  s a t u r a t e d  and 
a r e  n o t  a g g r e s s i v e ,  i . e .  t h e  w a t e r s  o f  t h e s e  r i v e r s  do n o t  have  th e  
power t o  d i s s o l v e  c a lc iu m  c a r b o n a t e .
S p e c ific  Conductance
H e n d r ic k s o n  and K r i e g e r  (1964) r e c o r d  a r a n g e  o f  s p e c i f i c  
c o n d u c ta n c e  from  176 t o  529 m icrom hos from  th e  w a t e r s  d r a i n i n g  t h e  
l i m e s t o n e  t e r r a i n  i n  K entucky  w i th  t h e  l o w e s t  v a l u e s  r e c o r d e d  a t  
maximum d i s c h a r g e .  The r e l a t i o n s h i p  be tw een  s p e c i f i c  c o n d u c ta n c e  and
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FIGURE 5 5 :  PLOT OF HARDNESS VS pH VALUES OF WATER SAMPLES FROM THE
WENGA AND TEWA I R IV ER S .
—1--------- 1----------- 1---------- 1---------- 1---------- 1---------- 1-----------1
100 200 300 400
p.p.m. CaC03
^  Water samples from the Tewai & Wenga rivers
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water discharge has been studied in some detail by Hendrickson and
Krieger (1964). It was found in a single flood cycle that as water
discharge initially increases rapidly with the oncoming flood there
is usually only a small decrease in specific conductance, but approaching
the maximum discharge there is a rapid decrease in conductance. However,
when the water discharge decreases after the flood peak, there is an
increase in conductance, so that there is a cycle in the variation of 
specific conductance with discharge.
Total Dissolved Solids
Hendrickson and Krieger (1964) record values for Total Dissolved 
Solids from 95 to 304 with the lowest values recorded at maximum dis­
charge. Jennings (1972) recorded values for Total Dissolved Solids from 
45 to 125 again with the lowest values recorded at periods of maximum 
discharge. Both these sets of values of Total Dissolved Solids are 
calculated by evaporation of a water sample.
3.8.7 Major Mechanisms Controlling the Chemistry of Surface Waters
Gibbs (1970) considered three major mechanisms controlled the 
chemistry of surface waters, viz. precipitation, rock dominance and 
evaporation-crystallisation. Waters dominated by dissolved solids from 
precipitation have a high Na and Cl content and low TDS content whereas 
waters dominated by rock (and soil) weathering have a high Ca and HCO3 
content and medium TDS concentration. The evaporation-crystallisation 
process produces waters high in Na and Cl.
The high concentration of Ca and HCO3 and low concentration 
of Na and Cl, together with a medium TDS concentration (100 - 500 ppm) 
suggests rock and soil weathering control the chemistry of surface
waters on the Rai Coast.
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3,8.8 Summary
I would conclude that while the results obtained, from the Tewai 
and Wenga Rivers can be compared to other results from limestone areas 
around the world, it would be more meaningful if:
(a) the geochemistry of the surface waters from the rivers and steams
(b)
of the Rai Coast could be studied over a period of time in order
* Ayto observe variations in concentrations with discharge; and /v ■ /
the geochemistry of other surface waters where calclithites are
forming, could be studied.
With these sets of results, it would be possible to compare, 
firstly the geochemistry of waters from the different areas where 
calclithites are forming and to see if there are any major differences 
between these areas and secondly, to compare the geochemistry of the 
waters from these areas to the geochemistry of waters draining limestone 
terrains where calclithites are not forming. These comparisons could 
help in our understanding of why calclithites only appear to be formed 
in certain environments.
The other point to note is that the chemistry of surface waters 
on the Rai Coast is apparently controlled by rock and soil weathering 
according to the criteria put forward by Gibbs (1970) (see Section 3.8.7). 
3.9 Weathering of Carbonate Rocks on the Rai Coast
3.9.1 Introduction
The broad aim of this chapter is to study carbonate weathering, 
which is of prime significance in the formation of calclithites. This 
study includes a resume of the types of carbonate weathering, a study 
of the rates of limestone erosion throughout the world, a study of the 
rates of limestone erosion from the Huon Peninsula based on the work of
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Chappell (1974b) and also on the formula for estimating limestone erosion 
rates (Williams 1963), and comparisons between rates of mechanical and 
chemical weathering.
3.9.2 Carbonate Weathering
Calcium carbonate, in the form of either aragonite or calcite, 
is slightly soluble in pure water. Hence, calclithites will only be 
formed where physical erosion of carbonates is greater than the chemical 
erosion.
Ollier (1969) lists several examples of types of physical 
weathering of limestones. A 'spectacular1 example of this type of 
erosion is listed from the Vaiont Valley in Italy, the scene of the 
world's greatest dam disaster. The disaster occurred when a large slab 
of limestone moved down the hillslope into the reservoir. Kiersch and 
Asce (1964) note that an old set of unloading planes (also called 
'rebound joint^), are parallel to the glacial valley floor and a new 
set of unloading planes are parallel to the canyon wall, which have 
been carved through the glacial valley by the Vaiont river. The 
limestone is very weak where the two sets of planes intersect. Unloading 
planes develop in rock masses when their confining pressures are reduced 
by uplift and erosion finds relief in the development of cracks.
Ollier (1969) also notes that volume changes set up stresses 
within rocks that lead to physical weathering due to freezing of water 
to form ice or crystal growth from solution (salt weathering). Frost 
shattering of rocks is probably one of the greatest mechanical agents 
in physical weathering. Ollier (1969) notes that there are no distinc­
tive land forms definitely known to be caused by salt weathering, but 
various small-scale features have been attributed to this process. Some 
limestones from Egypt contain sodium chloride which cause the limestone
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to flake and crumble' easily. It has also been reported that the Magnesian 
Limestone blocks in the Houses of Parliament9London, crumbled to some 
extent in a dry spell when the MgSO^ . crystallised out.
Mechanical collapse following undercutting is instrumental in 
the formation of limestone caves.
Mechanical abrasion of rocks, either due to friction or to impact, 
is an important agent in physical weathering. Mechanical grinding of 
bedrock and transported material in a glacial environment is the dominant 
weathering agent. Ollier (1969) also lists insolation weathering (changes 
in temperature), fire, moisture, swelling, wetting and drying weathering, 
cavitation, colloid plucking and soil ripening as other, less significant 
forms of physical weathering.
Chemical Weathering
As mentioned previously, calcium carbonate is slightly soluble 
in pure water. The solubility of calcium carbonate is given by the 
general equation:
CaC03 + C02 + H20 ^ Ca(HC03)2
Variations in the carbon dioxide pressure are extrmely important in the 
mechanism of the solution of limestones.
The suite of equations which register the formation of calcium 
bicarbonate can be written as follows:
(1) Equilibrium of hydration:
C02 + H?0 ^ H2C03
(2) Dissociation of carbonic acid:
H2C03 ^  H+ + HC03
Combination of hydrogen and carbonic ions:
h c o3 ^ h+ + cor
(3)
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(4) Dissociation of the carbonate mineral:
Ca++ + CO3 ^ CaC03
(5) Ionic dissociation of the water
H20 ^ H+ + oh“
All these reactions are reversible. The variations in the solubility 
of calcium carbonate form a series of reactions, variations in the rate 
of one affecting the rate of the others.
The solution reactions for magnesium carbonates and for 
dolomites resemble those for calcium carbonates. MgC03, magnesite, 
and MgC03 : 3H20, nesquehonite, are the most important magnesium 
carbonates. Magnesite is hardly ever found as separate crystals but 
is present in many organic limestones and magnesian limestones in 
solid solution with calcite; it thus occurs in carbonate rocks as 
part of crystals consisting largely of calcium carbonate.
The solution rate of dolomite (CaCC>3 MgCÜ3 ) is not well 
understood, but it seems that the double carbonate is less soluble 
than either calcite or magnesite.
The precipitation of calcium carbonate is much more readily 
brought about than that of magnesium carbonate, magnesium tending to 
remain in solution for a long time after the conditions of carbon 
dioxide partial pressure and temperature which influenced its solution 
have changed. This is the typical situation in a cave where the loss 
of carbon dioxide from the water to the cave atmosphere results in 
the formation of stalagmites and stalacites of calcium carbonate, but 
not magnesium carbonate. Evaporation from rivers and pools also 
increases the proportion of magnesium.
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In most of the work on karst landforms, we are dealing with the 
fresh waters of the surface, rivers and Lakes with ionic strength of 
the order 0.01. But in coastal regions there is evidence of solution 
of the limestone by sea water. The extent to which sea water, whose 
ionic strength is 0.7, is an effective solvent of limestones is still 
not known. Sea organisms, algae and animals, certainly help by both 
respiration of carbon dioxide and other action to cause corrosion of 
the limestones with which they come into contact. Experiments by Kaye 
(1957) have shown that there is a marked diurnal variation in the 
carbon dioxide content of coastal sea waters and in the pH of pools 
in the inter-tidal zone. During the night, plants increase the carbon 
dioxide content of waters by respiration; in the daytime they.reduce 
the carbon dioxide by photosynthesis. Hence there is a low pH in the 
waters in the pools during the night and a high pH in the day. No 
similar studies on the variation of carbon dioxide content of inland 
surface waters in well-vegetated karst areas appear to have been 
reported.
Calcium and magnesium are important constituents of all natural 
waters, the percentage proportions of cations in average river water 
being as follows: calcium 63.5, magnesium 17.4, sodium 15.7, and
potassium 3.4. In inland waters the most commonly occuring anion is 
biocarbonate. In passing from the source of a river towards the sea, 
the waters tend to become calcium enriched.
Factors Affecting the Solubility of Limestones
The solubility of calcium carbonate in pure water is only of 
the order of 12-14 ppm, and the main factor in the solution is the 
variations in the carbon dioxide pressure. Carbon dioxide by itself 
is more soluble in waters of low temperatures than in waters at higher
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temperatures, hence more calcium carbonate should be dissolved in cooler 
climates.
Two types of solubility are concerned with carbon dioxide. First, 
anaerobic solubility, where the water comes into an initial equilibrium 
with the air but where the carbon dioxide is cut off when calcium 
carbonate solution takes place; the carbonate solubility is then only 
14 ppm. Second, the more usual in nature, equilibrium solubility, where 
the water is in contact with a continuous supply of air during the 
calcium carbonate solution process; the carbonate solubility at 10°C 
is then 74 ppm. One type of variation in the amount of carbon dioxide 
and acidity of water reaching the limestones is the variation in the 
acidity of rain water. The pH of rain water varies over the world from 
about pH 4.0 to 7.1 with averages about 5 to 5.5. Douglas (1968) in 
his study of the pH values of rain water, states that there is no 
special basis for the supposed greater acidity of the rainfall in 
tropical areas, and says the contrast between inland and coastal areas 
is probably greater than the overall contrast between tropical and 
temperate areas.
The most important environment for the increase of carbon 
dioxide pressure is in the soil. The pressure of carbon dioxide in 
the soil is many times greater than that of the carbon dioxide in the 
atmosphere and may be as much as 100 times that of the atmosphere in 
cracks in the bedrock. Adams and Swinnerton (1937) drew attention to 
the fact that, since the carbon dioxide content of the soil air was 
much greater than that of the atmosphere itself, this higher carbon 
dioxide content might be responsible for the large quantities of calcium 
carbonate carried off in solution from limestone areas. The increase 
in carbon dioxide pressure is clearly related to vegetational and 
microbiological activity.
Temperature is a factor which assists the solution of the calcium, 
carbonate and the rock itself. A rise in temperature accelerates the 
rate of solution and so to some extent negates the effect of the greater 
solubility of carbon dioxide in waters of low temperatures. The degree 
of turbulence of agitation of the water also speeds up the solution 
process, as the products of the reactions are removed from the solid- 
liquid interface. It has been shown that greater turbulence caused more 
rapid solution, and that stagnant water becomes supersaturated. In the 
same way, large drops of water or thin sheets of water falling onto the 
rock dissolve calcium carbonate more rapidly, as the ratio of surface 
rock to the volume of water is large. This can be confirmed by the very 
high calcium values for waters collected as they fall upon bare rock, 
particularly in the tropics.
The volume of water which falls or passes through a given area 
of volume of limestone is clearly of importance to the total amount of 
solution of the rock. Hence,in general,the more water available, the 
more limestone will be dissolved. In dry climates, as in polar and 
tropical deserts, limestone corrosion will be at a minimum., and in very 
wet regions, both temperate and tropical, corrosion will be greatest.
It might also be expected that the length of time that the 
carbon dioxide-charged water is in contact with the limestone would 
affect the amount of solution accomplished.
The solution of limestones is further affected by chemical 
impurities and variations. Traces of magnesium in solution increase 
the amount of calcite which can dissolve for a given carbon dioxide 
concentration. It is only when large amounts of magnesium are present 
that the expected happens, and the solubility of the calcite is reduced.
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Chilingar et at. (1967) claims that calcite is selectively leached out 
of limestones and that the speed of leaching of limestones is about five 
times greater than that of dolomite.
The effects of other impurities have long been known to influence 
the solubility of limestones. Grains of quartz also occur in many lime­
stones; in northwest Yorkshire it can be shown that beds containing 
these grains are more resistant to solution (Sweeting 1966).
In addition there is the texture and structure of the limestones 
themselves to be considered. Two points are important; first, the pore 
space or porosity of the rock which determines the amount of water the 
rock can take up; secondly, the ease with which water can pass through 
the rock. Generally, the more porous limestones are the more soluble, 
because more water containing carbon dioxide is able to permeate the 
rock. However, ease of penetration of the water is also important, 
either by joints or diaclases; this is because if the water becomes 
too slow-moving the equilibrium with the carbonate and the carbon dioxide 
is reached and no further solution takes place. Limestones consisting 
of a high percentage of sparry calcite tend to be more resistant to 
solution except along the joint or fissure planes. The interlocking 
crystals make the rock very tight and impermeable, and permeability is 
only of the order of 2-3 percent. Micritic and lime-mud limestones are 
also very dense and have a low porosity, also of about 3-5 percent. 
Limestones in the middle of the textural spectrum of Folk appear to have 
greater porosities.
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3.9.3 Rates of Limestone Solution
Measurements of the rates of limestone weathering were first 
made by studying the erosion of tombstones and monuments built of 
limestone. However, it was not until the 1950’s that any real attempt 
was made to study rates of limestone solution.
A widely used formula for estimating limestone loss from an 
area by solution was that devised by Corbel (1959a) which was subse­
quently modified by Williams (1963). Corbel’s formula is
4ET(N)/100 = X
where E = run-off in decimetres, T = average CaCO content of the
O
water in ppm, and X = the value of the limestone solution in cubic
metres per year per square kilometre or in millimetres/1,000 years 
1(mm/1000 years); — = the proportion of limestone in the basin, as a 
fraction of the total area of the basin. Corbel assumed that limestones 
have an average density of 2.5. However, Williams pointed out that 
limestones may vary in density from 2.72 for the Carboniferous Lime­
stones in County Clare to less than 2.0 for more porous chalky 
limestones. Corbel also included only calcium hardness in T, but 
magnesium hardness is often present in large quantities, and T should 
always represent total hardness. Further, colloidal calcium is not 
allowed for in Corbel’s formula, although it is difficult to estimate 
the effects of colloidal calcium on the result. Moreover, the 
usefulness of the formula depends upon the accuracy of the determ­
ination of the value of E, the run-off, or water surplus, i.e. the 
percentage of precipitation which remains after losses through 
evaporation and transpiration. The measurement of relative quantities 
of surface run-off and infiltration, particularly in a limestone area, 
is difficult. Furthermore, though measurements of precipitation may 
be available, measured values for evapotranspiration are rare.
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Williams’ modified formula of flow-gauge records are available 
is as follows:
X = FQTn/1012AD
where
X = the equivalent thickness of limestone removed, in mm, 
over a specified period
Q = the discharge over the period
T = the mean total hardness of the water, in ppm (or mg/l) 
over the period
A = the area of the river basin in square kilometres
D = the density of the limestone (or dolomite)
1— = the area of limestone, as a fraction of the total n
area of the basin
F = a conversion factor; 28.3 if Q is in cubic feet, 
but 1,000 if Q is in cubic metres (fQ is equivalent 
to discharge in litres).
Where no discharge records are available, then the formula 
is as follows:
X = ETn/lOD
where
X = the value of the limestone removed in solution in mm/1,000 
years or in m3yr/km2
E = mean water surplus per annum in decimetres
T = mean total hardness in ppm (or mg/l)
D = the density of the limestone (or dolomite)
1— = the fraction of the basin occupied by limestone.
Corbel used his original simple formula to deduce the amount 
of limestone lost by solution in karst regions. His figures in 1959 
were based on random ’spot' observations in a number of areas.
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From his results (Table 53), Corbel (1959a,b) concluded that 
the rate of limestone solution was greatest in cold climates and least 
in hot, arid climates. This is thought to be due to the fact that in 
a cold climate the hardness of run-off water would be greater because 
carbon dioxide is more soluble at lower temperatures. However, other 
estimates of rates of limestone erosion from cold climates by Smith 
(1972) and even by Corbel (1959b), do not agree with Corbel’s 
conclusion. One reason may be the fact that biogenic carbon dioxide 
occurs in the soil air in concentrations from thirty to one hundred 
times greater than that found in the atmosphere. Smith and Atkinson 
(1976) report that rates of limestone erosion were greater on soil- 
covered limestone than on bare limestone. This conclusion is based 
on experiments on small plots in the Alps in Austria. It is obvious 
that, because of the pitted nature of the relief, the dissolution of 
limestone is by no means uniform, and that certain parts are more 
affected by the solution than others. Differential solution takes 
place and the actual overall lowering must be lower than that given 
in the calculations. Gams (1965) lists the conditions which favour 
accelerated corrosion; they are due partly to physiographic factors 
and are as follows:
(a) Where impermeable rocks adjoin limestone. In these localities 
streams from non-karstic areas have aggresive waters and will cause 
above-average dissolution of the limestone. This is particularly so
if the streams come off siliceous rocks.
(b) Alluvial corrosion. Intense corrosion takes place by water 
which percolates through alluvium and morainic sands and gravels.
Such waters always have a very high degree of hardness.
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TABLE 53
RATES OF LIMESTONE DENUDATION
(After Corbel 1959a,b)
Rate of Limestone 
Denudation 
mm/1000 years
Arctic climate
Blomstrand (Alaska) 40
Cambridge Bay (Canada) 5
More moderate arctic climate
Svartisen (Norway) 400
Gold Creek (Alaska) 530
Capilano (Canada) 420
Oceanic cold climate
Lismore (Ben Nevis) 150
St. Casimir (Quebec) 160
St. Therese (Quebec) 120
Continental climate
Jasper (Canada) 40
Whitehorse (Canada) 32
Fort-Simpson (Canada) 40
Moderate humid climate
Lesse (Belguim) 27
Mediterranean climate
Jugoslavia 60
South Algeria 6
Tropical humid climate
Lowland (Yucatan) 16
Mountains (Guatemala) 45
2 9 0 .
( c )  C o r r o s io n  by m ix tu re  c o r r o s i o n ,  w hich  o c c u r s  when two w a te r s  o f  
d i f f e r e n t  h a rd n e s s  m e e t ,  e i t h e r  on t h e  s u r f a c e  o r  u n d e rg ro u n d .
(d )  At t h e  m a rg in s  o f  snow f i e l d s  and i c e f i e l d s .  As has  a l r e a d y  been  
shown, snow m e l tw a te r  i s  p r o b a b ly  a b l e  t o  d i s s o l v e  more l im e s t o n e  th a n  
r a i n  w a t e r ,  and w here  su c h  m e l tw a te r  comes i n t o  c o n t a c t  w i th  l im e s t o n e ,  
a c c e l e r a t e d  c o r r o s i o n  t a k e s  p l a c e .
( e )  A c c e l e r a t e d  c o r r o s i o n  c a u se d  by w a te r  p a s s i n g  from  b a r e  k a r s t
to  v e g e t a t e d  k a r s t .  T h is  i s  cau sed  by t h e  a d d i t i o n  o f  C02 from  t h e  s o i l  
and  v e g e t a t i o n .  Work in  t h e  J u i a n  A lps on a  l im e s t o n e  s c r e e  showed a 
h a r d n e s s  i n c r e a s e  o f  a b o u t  6 -  10 ppm w here t h e  b a r e  s lo p e  p a s s e d  from 
one c o v e re d  w i th  s o i l .
Sm ith  and A tk in so n  (1976) a l s o  r e p o r t  t h a t  o t h e r  p e o p le  c o n s id e r  
t h e  g r e a t e s t  r a t e s  o f  l im e s t o n e  e r o s i o n  o c c u r s  i n  t h e  humid t r o p i c s .
T h is  i s  b a s e d  on:.
( a )  h i g h e r  v a lu e s  f o r  a n n u a l  r u n - o f f ;  and
(b )  h i g h e r  s o i l  t e m p e r a t u r e s  and g r e a t e r  p r o d u c t i o n  o f  t r o p i c a l  
v e g e t a t i o n  w hich s h o u ld  l e a d  to  f a s t e r  g e n e r a t i o n  o f  c a rb o n  
d i o x id e  and h i g h e r  c o n c e n t r a t i o n  i n  t h e  s o i l  a i r .
H ence , t h e r e  i s  t h e  p o s i t i o n  w here t h e r e  a r e  two s c h o o l s  o f  
t h o u g h t ;  one w hich  h o ld s  t h e  v iew  t h a t  t h e  g r e a t e s t  e r o s i o n  r a t e s  a r e  
to  be  fo u n d  i n  c o ld  c l i m a t e s ,  and t h e  o p p o s in g  view  t h a t  t h e  g r e a t e s t  
e r o s i o n  r a t e s  a r e  to  be  found  in  t h e  humid t r o p i c s .
A r e c e n t  s tu d y  by Sm ith  and A tk in so n  (1976) o f  l i m e s t o n e  e r o s i o n  
s u p p o r t s  C o r b e l ' s  h y p o t h e s i s  t h a t  t h e  g r e a t e s t  e r o s i o n  r a t e s  o c c u r  i n  
A r c t i c / A l p i n e  r e g i o n s .  However, t h e r e  i s  o n ly  a r e l a t i v e l y  s m a l l  (36%) 
i n c r e a s e  i n  e r o s i o n  r a t e s  f rom  t r o p i c a l  t o  a r c t i c / a l p i n e  a r e a s .  T h is  
v a r i a b i l i t y  o f  e r o s i o n  r a t e s  b e tw een  c l i m a t i c  zones  i s  a p p a r e n t l y  due to
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variability of hardness, variations in run-off, and variations in the 
proportions of limestone in the area under study. Further study of these 
parameters, leads to the conclusion that the erosion rates ’depend very 
largely upon run-off and comparatively little upon latitudinal climatic 
zones.’ Smith and Atkinson (1976) also note that
'... Tropical areas do not show any tendency to higher run-off 
than temperate areas, at least in the present sample, and in 
both areas the ranges of run-off and erosion rate are similar.
Arctic/Alpine areas .... do show a greater range of run-off
than the soil-covered temperate and tropical sites.’
I think the phrase ’in the present sample' is very significant.
A study of the data listed reveals that there is only a comparatively 
small number of sites from tropical areas compared to temperate areas 
and based on my own feeling and maps of world run-off (Gregory & Walling 
1973), I consider the conclusions reached by Smith and Atkinson (1976) 
may be based on insufficient data and that more data from tropical areas 
is needed. I feel this additional data would show higher run-off values
t '
„  c » * "and hence greater erosion rates. .** W"
The other comment I would make is the statement by Smith and 
Atkinson (1976) that the erosion rates
’... depends very largely upon run-off and comparatively 
little upon latitudinal climatic zones ...’
Although there is not a direct relationship between run-off and rainfall 
due to such variable factors as evaporation, interception, depression 
storage, infiltration, and soil-moisture deficiency, an empirical 
relationship for a particular catchment based on annual precipitation 
and run-off can be established (Wilson 1974). In temperati 'e and tropical 
humid climates, a ’... straight line relationship’ can generally be found.
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Variations to this may be due to higher or lower groundwater levels or 
to variations in the seasonal distribution of rainfall.
Climatic zones are based on a number of parameters of which 
rainfall, together with temperature, are probably the two most important. 
Hence, I would have thought that run-off values, which can be correlated 
with rainfall, could also be correlated with climatic zones. Thus, I 
cannot agree with the statement by Smith and Atkinson (1976) that the 
limestone erosion rate 'depends ... comparatively little upon latidudinal 
climatic zones'. It might be more accurate to say that the limestone 
erosion rate depends very largely on run-off which can be broadly 
correlated with climatic zones.
3.9.4- Types of Weathering on the Huon Peninsula
During the limited field season spent on the Huon Peninsula, it 
was unfortunately not possible to study all parameters concerned with 
the formation of the calclithites. One such parameter was the type (or 
types) of weathering on the limestone of the Peninsula.
This aspect has,however, been studied in some detail by Chappell 
(1.973, 1974b) who mapped small valleys cut into the dated reef complexes. 
From, this mapping, Chappell (1.974b) was able to calculate the area 
removed above the thalweg profile from the initial terrace profile.
Models of thalweg profiles resulting from solution, corrasion, and mass 
movement processes were computed. A comparison of these computed 
thalweg profiles with the actual valley profiles revealed that the 
relative importance of the three processes; solution; corrasion; mass
movement was 1.0: 0.3: 0.07.
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Chappell (1974b) notes that ’the Pleistocene coral terraces of 
Huon Peninsula are virtually 100% calcite, as coralline aragonite has 
almost completely recrystallized, and elastics are negligible. Solution 
on the valley floors probably proceeds both by running water in the stream 
channel, and by action of water percolating slowly through the soil debris 
mantle. Solution by unit volume of water is likely to be greater in the 
latter mode ... but absolute volume rate of flow is very much greater in 
the channel than in subsoil’.
Chappell (1974b) also notes that:
’... the channels flow on limestone where the soil mantle 
periodically has been removed fluvially; the scalloped and 
incised nature of the bed suggests that solution occurs 
during channel flow, but does not indicate its relative 
importance ...’
With respect to corrasion, Chappell (1974b) considers that:
'.. . Processes of fluvial corrasion plus sediment entrainment 
and transport principally are active on the soil and rock- 
fragment debris mantling most of the floors of the small valleys’
A direct relationship is used between fluvial shear force and degree of 
soil erosion, that is, erosion is proportional to water depth x sin 
(slope angle).
Chappell (1974b) also considers that mass movement is active in 
the lower depositional area of the small valleys. The mass movement is 
characterised by a structureless thickening of the soil and rock-fragment 
debris on the valley floor, which in the smallest valleys can bulge in 
front of the lower interfluve profile. Slump terracettes and hummocky 
lobate surface wrinkles indicate mass movement parallel to the valley 
axis. When highly charged with water, mass movement may be a highly 
viscous flow, alternatively, a process of plastic creep may operate.
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As mentioned previously, the average ratio of 'importance' of 
the processes solution:corrasion:mass movement is 1.0: 0.3: 0.07, however, 
in one particular valley, Chappell (1974b) has recorded the maximum rates of 
erosion by each process as:
1. solution = 0.057m/1000 years
= (57mm/1000 years)
2. corrasion = 0.057m/1000 years
= (57mm/1000 years)
3. mass movement = 0.004m/1000 years
= (4mm/1000 years)
3.9.5 Rates of Limestone Erosion on the Huon Peninsula
3.9.5.1 Introduction
As noted in the previous section, Chappell (1974b) has recorded 
a maximum erosion rate of 118mm/1000 years. This consists of a rate of 
57mm/1000 years by solution, 57mm/1000 years by corrasion, and 4mm/1000 
years by mass movement. Using the formula derived by Williams (1963), 
it is possible to obtain an approximation of the rate of limestone erosion 
by solution. However, it must be stressed that any figure for a rate 
of erosion will have a very large percentage error due to the fact that 
the flow gauge record is only based on 1 set of readings.
3.9.5.2 Tewai River
The values obtained for each parameter are as follows:
1, Q (Discharge for the period) = 156 cu.ft./sec. (see Section 3.7).
The error here will naturally be very large. In flood, the 
discharge of the Tewai River may be many hundreds of times this value 
(see Section 3.7.3) and over a period of 1 year, the average 
discharge may be many times greater than the value of 156 cu.ft./
sec.
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2. T(Total mean hardness) = 125 mg/1, (av) (see Section 3.8). The 
error here may be quite large. In other limestone terrains 
throughout the world, there is often a significant variation
in the value of total hardness over a given period of time.
3. Area of river basin (sq.km.) (A) = 100 sq.km, (approx.). The 
error here is probably of the order of 20%, i.e. the area of the 
river basin is probably between 80 to 120 sq.km. The figure
of 100 sq.km, is based on the 1:250^000 geological map of the 
Huon Peninsula (Robinson 1973, 1974).
4. Density of limestone (D) = 2.5 (approx.). The error here is 
probably fairly small. Although limestones may vary in density 
from 2.0 to 2.7 (Williams 1963), the average value is approximately 
2.5.
5. Area of limestone (or dolomite) as a fraction of the total 
drainage basin area (1/n) (n = 1.1 approx.). The error here 
is again probably fairly small. I would estimate that approxi­
mately 90% of the drainage basin consists of limestone. This is 
based both on the geological map of the region (Robinson 1973,
1974) and the mapping by Chappell (1973). This figure includes 
limestone areas which are covered by soil. The remaining 10% 
consists of sediments of the Zankoa Group (Chappell 1973).
6. Conversion factor (f) = 28.3 if Q is in cubic feet.
Thus, based on Williams' formula, where the rate of limestone 
erosion (x) = fQTn/1012AD, the rate calculated is 76.5 mm/:t000 years.
This figure is in close agreement with the figure of 57mm/1000 
years recorded by Chappell (1974b). However, it must be repeated that 
this is probably a minimum value. If the discharge and hardness values
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from the Tewai River could be measured over the period of one year, I 
would estimate that the rate of limestone erosion may be of the order of 
500-10000 mm/1000 years.
This figure is based on the estimated discharge during maximum 
streamflow. The estimated values recorded in Section 3.7 for the mean 
flow velocity and depth during maximum discharge were 12.2 metres/sec. 
(39.5 ft/sec.) and 8.0 metres (26 feet) respectively. Assuming a river 
width of approximately 30 metres (100 feet) then the discharge would be 
the order of 2930 cu.m/sec (100,000 cu.ft/sec.) (Q). However, at maximum 
discharge the hardness of the river water is likely to be of the order 
of only 5 mg/1 (T). This value is based on hardness and discharge 
measurements done over a period of time by Smith and Mead (1962) and 
Jennings (1972). Hence, at maximum discharge the factor discharge (Q) 
x hardness (T) is approximately 25 times greater than the value 
calculated from measurements made in May 1976.
An average value for the factor (Q) x (T) for the year might be 
slightly less than the mean of these two figures because the value 
calculated from the measurements in May 1976 may not be a minimum value 
and also because I would guess that in the dry season the discharge will 
always be close to the minimum discharge value whereas in the wet season 
the discharge may vary quite considerably up to the maximum value.
Thus, I would estimate that the 'average' (Q) x (T) factor is 10 times 
greater than for the (Q) x (T) factor calculated from the results obtained 
in May 1976. Hence, the rate of limestone erosion would be approximately 
765 mm/1000 years and thus I have estimated the rate of limestone erosion 
to be of the order of 500 - 1000 mm/1000 years.
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3.9.5.3 Wenga R.f*rer
Unfortunately, I ha^e only one set of figures for discharge for 
the Wenga River for August 1966 and two values for total hardness of the 
water which were done in August 1971 and May 1976. As hardness varies 
with discharge,it is not advisable to use results obtained at different 
times in calculating rates of limestone erosion. However, I have decided 
to use the total hardness value of August 1971 with the discharge value 
of August 1966 in calculating the rate of limestone erosion for the 
Wenga River Basin. The errcr involved in using these two values may be 
quite significant; however, both were done in the same month in the ’dry1 
season and this should help to minimise the error. The other point to 
make is that all of the parameters involved in the calculation of rates 
of limestone erosion from this region involve fairly large errors. The 
main aim of making this calculation is to obtain an estimate rather than 
a precise figure for the limestone erosion rate.
1. Q(Discharge for the period) = 271.5 cu.ft/sec. (see Section 3.7). 
This value is based on the figure recorded by Dr. J.M.A. Chappell 
from the Wenga River in August 1966. Again, the error will be 
quite large. In flood, the discharge of the Wenga River may be 
hundreds of times this value and over a period of 1 year, the
i-
average discharge may be many times greater than the value of 
271,5 cu,ft/sec.
2. T(Total mean hardness) = 95 mg/1 (av) (see Section 3.8). The 
error may be quite large. As discussed previously, there is 
often a significant variation in the value of total hardness 
over a given period of time in limestone terrains throughout
the world.
3. Area of river basin (sq.km.) (A) = 200 sq.km, (approx.). The 
error here is probably of the order of 20%, i.e. the area of the 
basin is probably between 160-240 sq.km. Again, the estimate of 
drainage basin size is derived from the 1:250,000 geological map 
of the Huon Peninsula (Robinson 1973, 1974).
4. Density of limestone (D) = 2.5 (approx.). The error here is 
probably fairly small. As mentioned previously, the average 
value for limestone density is approximately 2.5.
5. Area of limestone (or dolomite) as a fraction of the total 
drainage basin area (1/n). Again, the error is probably fairly 
small. I would estimate that only 10% is not covered by limestone 
or soil overlying limestone. This figure is based on the geo­
logical map of the region (Robinson 1973, 1974) and the mapping
by Chappell (1973). The non-carbonate sediments found in the 10% 
of the basin, are sediments of the Zankoa Group of Chappell (1973).
6. Conversion factor (f) = 28.3 if Q is in cubic feet.
Thus, based on the Williams’ formula, the rate of limestone 
erosion is 50.5 mm/1000 years. However, this is probably a minimum value.
Again, this figure is in fairly close agreement with the values 
of the rate of erosion by solution of 58 mm/1000 years obtained by 
Chappell (1974b) and the value of 76.5 mm/1000 years based on stream 
flow measurements of the Tewai River.
I would estimate that the discharge (Q) * total hardness factor 
(t) for the Wenga River may be approximately twice that of the Tewai River 
at maximum discharge. This estimate is based on both a knowledge of the 
river morphology and the calculations of the hydrology of the rivers 
during maximum discharge (Section 3.7.3). However, due to the fact that
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the Wenga River basin is twice as large as the Tewai River basin, the 
average rate of limestone erosion for the two areas may be roughly 
equivalent, viz. 500 - 1000 mm/1000 years. It must again be emphasized 
that this figure is only an estimate.
3.9.5.4 Conclusions
I believe that the major conclusions which can be drawn as a 
result of these calculations, is that only rough approximations of the 
rate of limestone erosion can be obtained unless measurements are taken 
over a period of at least one year in a ’wet-dry’ climate. Due to the 
fact that the figure obtained is based on one streamflow measurement, 
it is inevitable that there will be a large error. However, it is 
useful to calculate the rate of limestone erosion to obtain an estimate 
of the erosion rate during the ’dry' season. Unfortunately, the rate 
of the erosion during the ’wet' season can only be guessed at. However,
I also believe two major 'inferences’ can be drawn. These are:
(a) The average rate of limestone erosion by solution from 
tropical areas is probably much higher than for temperate 
and arctic/alpine areas. I consider this is due mainly 
to the greater run-off from tropical areas.
(b) The conclusions reached by Corbel (1959b) and Smith and 
Atkinson (1975) may be based on insufficient data.
The present study itself serves to illustrate the need for 
additional information to be recorded over a period of at least one 
year. This is vital in climates which have pronounced wet-dry seasons. 
However, due to the fact that access to the field areas in the ’wet’ 
season in tropical environments, is often a physical impossibility» it 
is likely to be quite some time before sufficient data is available to 
accurately determine rates of limestone erosion in tropical environments.
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3.9.6 Rates of Chemical Denudation
3.9.6.1 Introduction
The rate of chemical denudation for a particular area can be 
calculated by knowing the discharge of the rivers of the region, the size 
of the particular area and the total dissolved solids (T.D.S.) concen­
trations of the river water. However, it is preferable to record the 
values of discharge and T.D.S. over a period of at least one year, to 
allow for seasonal variations and to obtain as accurate a result as 
possible.
3.9.6.2 Tewai River
An estimate of the rate of chemical denudation of the Tewai River 
basin can be obtained;based on the streamflow and water chemistry measure­
ments. However, this is based on only one set of readings and hence this 
rate of chemical denudation calculated could well be quite different to 
the real rate of chemical denudation. Rates of chemical erosion can be 
obtained from the calculations of discharge and an estimate of T.D.S. 
concentration at maximum discharge.
In addition, the concentration of the chemically precipitated 
carbonate mud in a water sample should be added to the T.D.S. value.
The reason for this is that the carbonate mud has been derived initially 
by chemical weathering and has been subsequently formed by precipitation. 
However, it is not really possible to accurately determine the carbonate 
mud concentration. Attempts to correlate turbidity with the weight 
concentration of suspended matter, i.e. the carbonate mud, arc impractical.
The figures for these results are as follows:
1. Area of Tewai River basin = 100 km2
2. Total Dissolved Solids Concentration from measurements made on
14.5.76 140 ppm
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3. Discharge calculated = 4.43m3/sec
Dissolved Solid Yield (metric tons/km2/yr)
4.43 x 60 x 60 x 24 x 365 x 140 x 10~6 
100
= 195 metric tons/km2/yr
The chemical denudation rate can be calculated either by knowing 
precipitation concentrations and percentage run-off or by knowing the 
percentage of solutes derived from precipitation. In the case of the 
Tewai River basin, neither of these factors are known. However, I would 
guess that the percentage of solutes derived from precipitation is very 
small and hence the chemical denudation rate would be almost the same as 
the dissolved solid yield, i.e. 195 metric tons/km2/yr.
Based on an estimate of 2930 m3/sec for maximum discharge, at 
which the T.D.S. and carbonate mud concentration may be of the order of 
5 ppm (for discussion see Section 3.9.5.2). Then Dissolved Solid Yield 
(metric tons/km2-/year)
= 2930 x 60 x 60 x 24 x 365 x 5 x iq~6
100
= 4407 metric tons/km2/year
Again, I would estimate that the chemical denudation rate is 
very close to this figure of 4407 metric tons/km2/year.
3.9.6.3 Wenga River
An estimate of the rate of chemical denudation for the Wenga 
River basin can only be made from the data obtained during the 'dry* 
season. I considered the calculations of the river morphology during 
the ’wet* season based on the largest boulder present, did not represent
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a 'normal’ 'wot' season situation (Section 3.7.4). I must again stress
jr
that this calculated rate if* only a rough estimate.
The figures for the calculations are as follows:
1. Area of Wenga River basin = 200 km^
2. Total Dissolved Solids Concentration measured = 122 ppm
3. Discharge measured = 7.698 m3/sec
.*. Dissolved Solid Yield
= 7.698 x 60 x 60 x 24 x 365 x 122 x 1Q~6
200
= 134 metric tons/km2/year
The rate of chemical denudation is again probably very close to 
this value.
3.9.6.4 Summary
Based on three estimates of dissolved solid yield, which probably 
closely approximate the rate of chemical denudation, I would estimate 
the rate of chemical denudation for this area to be of the order of 200 
to 500 metric tons/km2-/year. The reason for estimating this figure is 
that I think the 'mean' rate would be much closer to the 'dry season 
rate rather than the very rough estimate of the 'wet season rate'.
During the 'dry' season, I would guess the 'rate' would remain very close 
to the calculated 'rate' of approximately 100 - 200 metric tons/km2/year 
whereas the 'rate'of 4407 metric tons/km2/year is probably a maximum rate 
attained only a few times during the 'wet' season and on other occasions 
the'rate'may be considerably less.
Garrels and McKenzie (1971) record rates of chemical denudation 
of between 24 - 42 tons/km2/year for the five major continents of the 
world which is significantly less than my estimate for the Rai Coast.
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However, these rates are based on the annual chemical load delivered to 
the ocean and the average river discharge for the whole continent. Hence, 
one particular river basin, such as the Tewai, may have a much higher rate 
than the continent as a whole.
3.9.7 Rate of Mechanical Erosion
In this study of the calclithites from the Rai Coast, it would 
be extremely helpful if an indication of the rate of mechanical erosion 
could be obtained and then compared to the rate of chemical denudation.
Unfortunately, I am unable to think of an accurate method which would 
enable the rate of mechanical erosion to be estimated, given that most 
of the limestone fragments in the Tewai and Wenga rivers are moved as
A
bed-load.
On reflection, however, it may be possible to get a very rough 
approximation from detailed measurements of the deltaic foreset gravels 
in the Tewai River gorge. This would involve knowing which particular 
dated reef crest, could be correlated with the particular strata in the 
foreset gravels. Knowing that X metres of sediment (gravels) were 
deposited in Y years (the differences in dates between the two reef 
crests) then a rough approximation of the rate of deposition of the 
limestone fragments, i.e. the rate of mechanical weathering5could be 
determined. Unfortunately, I did not make any detailed measurements 
of the thickness of these gravels and thus I am. unable to provide any 
estimate of the rate of mechanical weathering.
However, any value obtained would probably be a. minimum value. 
From a study of the Tewai River area at present, it can be seen that 
limestone fragments are deposited not only in deltaic fans at the mouth 
of the Tewai River, but also as beach gravels around the mouth of the
&
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Tewai River. In addition, fluviatile gravels can be found along the 
length of the river but mainly on the flood bench close to the mouth 
of the river.
Another possible method for estimating the rate of mechanical 
erosion would be the measurement of the amount of bed load transported 
by a river, such as the Tewai, over a period of time. However, I 
consider it would be almost impossible to accurately measure the bed 
load during the ’wet* season and hence I do not think that this method 
could be used with any degree of reliability even if the bed load for 
the fdry?season could be accurately determined.
Most estimates of rates of mechanical erosion are made from 
rivers and river basins where there is little or no bed load and most 
of the material transported by the river is transported as suspended 
sediment. Thus, it is possible to calculate rates of mechanical erosion 
and to compare rates of chemical and mechanical weathering from certain 
areas. Garrels and McKenzie (1971) note that the ratio of mechanical 
to chemical denudation varies from 9.7 in Asia to less than 1 (i.e. 
chemical weathering is dominant) in Africa, for the five major continents.
3.9.8 Summary
Although the rates of chemical and mechanical weathering of 
the limestone on the Rai Coast cannot be compared to determine if 
mechanical weathering is dominant, a study of limestone weathering from 
a tropical environment has been made by Balazs (1973), who studied an 
area of ’tower Karst' in southwest Sulawesi, Celebes, Indonesia.
Balazs calculated the limestone removed in solution was 80 m3/km2/per 
annum whereas the limestone removed by mechanical erosion is of the 
order of 50 - 200 m3/km2/per annum. Balazs calculated the rate of 
mechanical erosion on ’... present climatic conditions and the present
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relations of relief energy'. Unfortunately, Balazs does not elaborate 
on this very brief description of his calculations.
This set of results appears to indicate that in the tropical 
environment, mechanical weathering is approximately equal to or greater 
than chemical weathering and this is most significant in the formation 
of the calclithite. However, I am reluctant to state definitely that 
this is the case because I am basing my conclusions on only one set of 
results. More data is obviously required before any definite conclusion 
is stated.
As noted in Section 3.9.7, Garrels and McKenzie (1971) have 
compared rates of mechanical and chemical weathering from the five 
major continents. However, in this study of calclithites, it is 
important to know rates of mechanical and chemical weathering from 
areas where carbonate rocks are predominant. Unfortunately, calcula­
tions of rates of limestone erosion from other areas where calclithites 
are forming, viz. arid/semi-arid environments and glacial/periglacial 
environments, are restricted to calculations of rates of chemical 
weathering and rates of mechanical weathering are not considered. If 
information was available on rates of mechanical weathering of lime­
stones from these climatic environments, then it would be possible to 
determine how significant the rates of chemical and mechanical 
weathering were in the lithogenesis of calclithites. It has been 
assumed, based on the statement of Folk (1974), that for the formation 
of a calclithite, the rate of mechanical erosion must overbalance the 
rate of chemical erosion. Detailed studies of rates of mechanical and 
chemical weathering would help to confirm this assumption.
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3.10 Formation of Calclithites from the Rai Coast 
3.10.1 Conclusions
From the separate studies of various parameters associated with 
the calclithites currently forming on the Rai Coast* it is possible to 
determine the sequence of events which starts with the erosion of the 
limestone fragments and ends with the deposition of these fragments.
It is the continual deposition of these limestone fragments in one 
particular area over a period of time that eventually results in the 
formation of a calclithite, such as the 'topset gravels' of the Gitua 
Group (Chappell 1973).
The first stage in the lithogenesis of the calclithite is the 
mechanical weathering of the limestone fragments from the outcropping 
carbonate. In the case of the sediments from the Tewai River, the 
source of the limestone fragments could be either
(a) The Song River Calcarenite (Robinson 1973, 1974)
= North Cromwell Limestone (Chappell 1973)
(b) The Top Beds (Zankoa Group) (Chappell 1973)
(c) The Wandokai Limestone (Robinson 1973, 1974)
= Reef complexes of the Gitua Group (Chappell 1973)
(d) The topset littoral and fluvial gravels and the foreset
deltaic gravels of the Gitua Group (Chappell 1973)
In the case of the sediments from the Wenga River, the source of the 
limestone fragments could be either
(a) The Gowop Limestone and the Kabwum Limestone Member (Robinson
1973, 1974) = (?) North Cromwell Limestone (Chappell 1973)
(b) The Top Beds (Zankoa Group) (Chappell 1973)
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(c) The Wandokai Limestone (Robinson 1973, 1974) = Reef complexes
of the Gitua Group (Chappell 1973)
(d) The topset littoral and fluvial gravels and foreset deltaic
gravels of the Gitua Group (Chappell 1973)
Based on the work of Balazs (1973) and from observations made 
during the visit to the Rai Coast, I consider that the rate of mechanical 
weathering of the limestones would be roughly equal to the rate of 
chemical weathering. Thus, I would expect a considerable quantity 
of limestone fragments to be 'available* for entrainment into alluvial 
channels. The size of these limestone fragments will probably vary 
from small silt-siz.ed particles to large boulders which may range up 
to several metres in diameter. It should be noted here that the 
limestone fragments derived from the gravels of the Gitua Group (d) 
are fragments that have already been through one cycle of transport 
and would probably be smaller in size but more rounded and more 
spherical than the limestone fragments derived from the other 'sources'.
The limestone fragments may be entrained into alluvial channels 
by either 'dry creep’ , by further fluvial corrasion or by entrainment 
of fragments by water run-off. Unfortunately, it was not really 
possible to study the processes of entrainment of the limestone fragments 
during the short field visit to the Rai Coast in May 1976, and thus I 
am unable to determine which, if any, of the three factors listed above 
are primarily responsible for the entrainment of the fragments.
However, once the limestone fragments reach a large river 
such as the Tewai or Wenga River, it is possible to determine from 
elongation function analyses that the great majority of limestone 
fragments, probably those pebbles greater than 6 cm in diameter, move 
by rolling and saltation. From studies of the hydrology of the Rai
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C o ast r i v e r s  f o r  b o th  th e  'w et*  and  ’d r y ’ s e a s o n s ,  i t  c o u ld  be d e t e r ­
m ined t h a t  l a r g e  l im e s to n e  b o u ld e r s ,  up to  1 m e tre  in  d ia m e te r ,  c o u ld  
be  t r a n s p o r t e d  by th e  r i v e r  d u r in g  maximum s tre a m f lo w . Even d u r in g  
th e  ’d r y ’ s e a s o n ,  when th e  s tream pow er was p ro b a b ly  a t  a  minimum, 
l im e s to n e  p e b b le s  s e v e r a l  c e n t im e t r e s  in  d ia m e te r  w ere o b se rv e d  to  
r o l l  down th e  r i v e r .
The s p h e r i c i t y  and  ro u n d n e s s  o f  th e  l im e s to n e  f ra g m e n ts  w ere 
s tu d i e d  from  s e v e r a l  p o i n t s  a lo n g  th e  Tew ai R iv e r  and a l s o  a lo n g  th e
b e a ch  a t  th e  m outh o f  th e  Tewai D e l t a .  The r e s u l t s  showed t h a t  t h e r e  
may have been  a s m a ll  i n c r e a s e  in  s p h e r i c i t y  b u t  t h e r e  was a
d e f i n i t e  i n c r e a s e  i n  ro u n d n e s s  w i th  d i s t a n c e  t r a v e l l e d .  How ever, 
t h e r e  a r e  a  num ber o f  f a c t o r s  w hich  ’c o m p lic a te *  th e  r e s u l t s  from  
th e s e  s t u d i e s .  T hese f a c t o r s  in c lu d e  th e  r e l a t i v e l y  s m a ll  num ber o f  
p e b b le s  sam p led  a t  e a c h  l o c a l i t y  and th e  i n t r o d u c t i o n  o f  l im e s to n e  
p e b b le s  from  a  v a r i e t y  o f  s o u rc e s  i n  b e tw een  sa m p lin g  l o c a l i t i e s .  
T hese p e b b le s ,  o f  v a ry in g  s p h e r i c i t y  and ro u n d n e s s  d e p e n d in g  upon 
t h e i r  s o u r c e ,  w ould  ’c o n ta m in a te *  th e  l im e s to n e  p e b b le s  sam pled  a t  
any  one p o i n t .  U n f o r tu n a te ly ,  i t  was n o t  r e a l l y  f e a s i b l e  to  s tu d y  
th e  change in  g r a in  s i z e  o f  th e  l im e s to n e  f ra g m e n ts  w ith  d i s t a n c e  
t r a v e l l e d ,  to  d e te rm in e  how q u ic k ly  t h e  f ra g m e n ts  w ere e ro d e d  d u r in g  
t r a n s p o r t .
N ear th e  m outh o f  t h e  Tew ai R iv e r ,  a  f a i r l y  w ide f lo o d  
ben ch  above th e  c h a n n e l  o f  t h e  Tew ai R iv e r  was o b s e rv e d  in  May 1976. 
L im esto n e  f ra g m e n ts  r a n g in g  up to  1 m e tre  i n  d ia m e te r ,  w ere to  be  
fo u n d  on t h i s  f lo o d  p l a i n  b e n c h , w h ich  w ere p ro b a b ly  d e p o s i te d  d u r in g  
maximum s tre a m flo w  in  th e  ’w e t ' s e a s o n .  I t  w ould  c e r t a i n l y  be 
e x tre m e ly  u s e f u l ,  a l th o u g h  p ro b a b ly  q u i t e  i m p r a c t i c a l ,  i n  th e  s tu d y
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of calclithites to observe the deposition of limestone fragments in 
this locality during periods of maximum streamflow. It would also be 
of considerable interest to determine the rate at which these lime­
stone fragments were deposited. The banks above the river channel 
ranged up to 1 metre in height, and I would guess that the thickness 
of limestone fragments at this locality may be several metres. However, 
there is no way of knowing over what period of time this ’pile* of 
limestone fragments built up.
In conclusion, I consider that the two major factors which 
result in the formation of calclithites from this environment are 
mechanical weathering and ‘rapid transport* by the river. I think 
it is essential that some form or forms of mechanical weathering are 
present to ensure that a sufficient quantity of limestone fragments 
are derived from the outcropping carbonate and that chemical 
weathering is not completely dominant. If this was the case, only 
a small amount of limestone fragments would be produced which would 
probably not be sufficient to form a calclithite, allowing for the 
fact that there is bound to be some mechanical and chemical weathering 
of the limestone fragments when they are transported. ‘Rapid transport* 
by the river, such as the Tewai River during maximum streamflow in 
the wet season, is also essential. If there was not a rapid form of 
transport, in this case, running water, then there would probably be 
excess chemical weathering of the limestone fragments, and the
calclithite would not be formed.
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CHAPTER 4
TECTONICS CLIMATE AND SEDIMENTATION
4.1 Introduction
As mentioned in a previous chapter, the study of calclithites 
should help in our understanding of sedimentation and the control of 
tectonism and climate on sedimentation. In conjunction with the study 
of the calclithites, I believe it is also necessary to seriously study 
the relationship between tectonism, climate and sedimentation. The 
first parr of this study will be to examine the major theories put 
forward which attempt to show how tectonism controls sedimentation, 
and hopefully, to determine whether or not these theories are valid.
If these theories are not valid, then it will be necessary to study 
which particular factors are dominant in controlling sedimentation.
If no one particular factor appears dominant, then it will on.ly be 
possible to generalise on the relative importance of such factors as 
tectonism and climate.
In the final chapter of this thesis, it should be possible to 
comment further on the relationships between climate, tectonics, and 
sedimentation based on the study of calclithites and from any con­
clusions reached in this chapter.
4.2 Tectonic Control of Sedimentation
The theory of the tectonic control of sedimentation was first 
developed by Krynine (1942, 1951) and subsequently modified and re­
interpreted by geologists from the North American School; Krumbein 
and Sloss (19G3), Cadigan (1961). Even modern-day text books 
unequivocally state that tectonics, and tectonics alone, controls
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Sedimentation. Such an example is taken from Press and Siever (1974, 
p.272) who state
'The logic of tectonic control of erosion, and thus 
sedimentation, is now apparent. Tectonic movements 
create mountainous topography and associated climates'.
The authors also state (p.272) that
'... it has become clearly recognised that topography 
much more strongly and directly influences climate 
than the other way round'.
From the works of Krynine and the subsequent elaborations by 
Pettijohn (1957, 1975), Cadigan (1961), and Xrumbein and Sloss (1963), 
eight basic premises or assertions can be made. These are listed as 
follows by Crook (1968).
Premises About Tectonic Control of Litbcogenesis
Premise 1: 'diastrophism by changing the major topographic features,
controls indirectly climate' (Krynine 1942, p.539).
Premise 2: (Regional diastophism affects sedimentation) 'by determ­
ining what type of rock will be found in the source area ... through 
control of depth of burial prior to elevat.ion and hence control of the 
intensity of metamorphism and igneous activity.' (Krynine 1942, p.539).
Premise 3: 'regional diastrophism establishes a uniform basic geo-
morphic and bathymetric pattern for the zone of erosion, the zone of 
transportation and the zone of deposition.' (Krynine 1942, p.539).
The effects of regional diastrophism mentioned in 2 and 3 operate 
together. 'Tectonism not only controls the rate of subsidence and 
the shape of geotectonic elements and related basins of deposition,
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but also controls to an equal degree the character of the source area, 
both in respect to relief and, what is equally important in respect to 
petrography, mineral composition.’ (Krynine 1951, p.746).
Premise 4: In as much as relief is a product of tectonism and requires
energetic uplift for its maintenance, the maturity of the residues 
derived from a land surface are an index to its tectonic activity.’ 
(Pettijohn 1957, p.639).
Premise 5: ’The degree of tectonism in part controls the distribution
of sedimentary environment through its control of the strand line, and 
hence in part conlrols the length of time that environment operates on 
material before burial. Thus tectonism and environment are interlocked 
in that some combination of the two determines to a large extent the 
final properties of the accumulating deposits'. (Krumbein and Sloss 
1963, p.421).
Premise 6: ’The geometry of a sediment body is a function of tectonicity
of the source area, which controls sediment supply, and tectonicity 
of the depositional area, or rate of subsistence’(implicit in Krumbein 
and Sloss 1963, p.523, 529).
Premise 7: ’The influence of tectonism on the environmental process
is mainly one of determining the rate at which sedimentary particles 
pass through the depositional interface.’ (Krumbein and Sloss 1963, 
p.422).
Premise 8: ’with increase in the rate of tectonic uplift in the
source area, the mean grain size in the area of deposition increases 
and the average sorting becomes poorer ... a sudden uplift of the 
source area increases the energy level and the rate of erosion and
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results in coarser materiel being transported farther out into the 
area of deposition,’ (Cadigan, 1961).
In this thesis, tie main emphasis is on the factors responsible 
for the formation of ealed ith.ites and the relationship between these 
factors. Thus, the premise that 'diatrophism ... controls indirectly 
climate’ is highly significant. This premise implies that climate is 
a dependent variable, being controlled by diastrophisrn (tectonism) 
which effects relief.
However, this premise has been seriously questioned, particu­
larly by Crook (1968) who pointed out that climate is affected by 
latitude and orientation of mountain chains relative to wind systems, 
as well as relief. The boreal western Antarctic mountains, the arid 
southwestern Peruvian Andes, and the humid Owen Stanleys of New 
Guinea are cited as examples. The examples of the Mackenzie and 
Mississippi deltas are also given to show the independence of climate 
and tectonism.
In addition, low-land areas of subdued relief, e.g. the 
Canadian shield, the Amazon shieJ.d, and the eastern Sahara, can have 
similar bedrock but have very different weathering processes.
Many other workers (e.g, Langbein and Schumn (1958), Fournier 
(1960), and Wilson (1969, 1973)) have shown that climate alone effects 
sediment yield. Thus, it can be seen that the premise that climate 
is controlled by tectonism is not necessarily true. Climate and 
tectonism are evidently major variables which are each capable of 
affecting sedimentation independently.
Crook (1968) has also studied in detail a number of the 
assertions (or premises) of Krynine (1942) and Krumbein and Sloss 
(1963) and produces many examples which would appear to contradict
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the assertions on tectonic control of sedimentation.
Hence, it would appear that the theories of tectonic control 
on sedimentation cannot be supported by definitive evidence, and 
other parameters (e.g. climate) may also play a significant role in 
controlling sedimentation. In order to better understand these 
parameters and how they may be related, it is desirable to examine 
the factors which influence sedimentation in considerable detail.
From this examination it may be possible to draw further conclusions 
regarding the relationship between climate, tectonics, and sedimen­
tation .
4.3 Factors Controlling Sedimentation 
4.3.1 Introduction
Probably the best way to compare rates of sedimentation 
between different areas or regions is to study the sediment yields 
from the respective areas. However, it must be emphasised that 
records of sediment yields are not absolutely reliable because of 
inaccuracies in both the quality of the data and the relatively few 
long-term sediment records. There are only a few areas, e.g.
Western U.S.Ä., where data quantity and quality is sufficiently 
good to produce reliable results. This is due mainly to the increased 
number of long-time sediment records. It Is also imperative that 
sediment yield records which have been effected by man’s activities 
are not used in any comparisons.
The sediment yield at a particular location is dependent 
on both the sediment supply and on the mode of sediment transport, 
and it is considered that the sediment supply factor is more important 
In determining sediment yields. There ax'e several factors which have
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some i n f l u e n c e  on th e  s e d im e n t  s u p p ly .  These i n c l u d e :
1 . R a i n f a l l  -  i n c l u d i n g  i n t e n s i t y  and s e a s o n a l i t y  o f  p r e c i p i t a t i o n
2 . T e m p era tu re
3. Land u se  and the  e f f e c t  o f  man
4 .  V e g e t a t i o n  c o v e r  (and  la n d  u s e )
5 . F r a c t u r e  d e n s i t y  o f  t h e  r o c k  ty p e s
5 . D ra in a g e  b a s i n  a r e a  (and  d r a i n a g e  d e n s i t y )
7 . R e l i e f
8 . Source  a r e a  l i t h o l o g y
9 . W ater t e m p e r a tu r e
10 . O r i e n t a t i o n  o f  s l o p e s
11 . Kean g r o u n d - s lo p e  a n g l e .
These  f a c t o r s  a r e  now s t u d i e d  i n  some d e ta i . l  .
4 . 3 . 2  R a i n f a l l
The r e l a t i o n s h i p  be tw een  r a i n f a l l  and  se d im e n t  y i e l d  h a s  been  
s t u d i e d  i n  some d e t a i l  by s e v e r a l  w o rk e rs  t h r o u g h o u t  t h e  w o r ld .
One o f  t h e  e a r l i e s t  a t t e m p t s  t o  f i n d  such  a r e l a t i o n s h i p  was 
by F o u r n i e r  ( 1 9 4 9 ) .  In. t h i s  s t u d y ,  F o u r n i e r  looked  a t  t h e  s e d im e n t  
y i e l d s  from  a  number o f  d i f f e r e n t  d r a i n a g e  b a s i n s  th ro u g h o u t  t h e  w orId  
and  p l o t t e d  t h e  s e d im e n t  y i e l d  a g a i n s t  t h e  t o t a l  a n n u a l  r a i n f a l l .  The 
r e s u l t s  o b t a i n e d  showed maximum, se d im e n t  y i e l d s  a t  a p p r o x im a te ly  300mm 
(12 i n c h e s )  and  f o r  r a i n f a l l  g r e a t e r  t h a n  1500mm (60 i n c h e s ) .  A minimum 
s e d im e n t  y i e l d  was o b ta in e d  a t  a p p r o x im a te ly  1000mm (40 i n c h e s ) .
F o u r n ie r  a l s o  p l o t t e d  t h e  g ra p h  o f  s e d im e n t  y i e l d  a g a i n s t  th e  r a t i o  o f
R a i n f a l l  I n  th e  w e t t e s t  month x t o t a l  a n n u a l  r a i n f a l l .  The r e s u l t sT o t a l  a n n u a l  r a i n f a l l  
o b t a i n e d  showed two d i s t i n c t  l i n e a r  t r e n d s  o f  i n c r e a s i n g  se d im e n t  y i e l d s
w i th  d i f f e r e n t  c l i m a t i c  c o n d i t i o n s .
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The paper published by Langbein and Schumni (1953) has become 
a key paper in the field of sedimentation and the effect of climate.
The paper describes and discusses the relationship between the mean 
annual sediment yield of river basins and the mean annual precipitation 
(and effective precipitation) of those basins. Host of the basins 
were from central and eastern areas of the U.S.A., in areas of 
agricultural land use. Langbein and Schümm found that there was a 
maximum sediment yield at a mean annual effective precipitation of 
300mm (12 inches). Effective precipitation is defined as precipitation 
necessary to produce a given amount of run-off. This peak corresponds 
to a semi-arid climate with an approximate mean annual temperature of 
10°C. The peak at approximately 300mm can be explained by the fact 
that areas which have higher rainfall have a denser vegetation cover 
and hence the sediment yield is lower. Lower rainfall in arid or 
glacial conditions results in only limited run-off and thus limited 
sediment movement.
The explanation of the curve itself is of prime importance, 
and the term "Langbein-Schumm Rule" has been coined by Fairbridge 
(1968) to describe the relationship between rainfall and sediment 
yield.
However, results obtained by other workers have not always 
agreed with the Langbein-Schumm curve, e.g. Fournier (1949, 1960).
The major difference between these two conflicting sets of results is 
in the area of high rainfall; the Langbein-Schumm curve predicts low 
sediment yield whereas Fournier's results indicate high sediment 
yield in this area.
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Fournier (1949, 1960) attempted to find a relationship between
climate, sediment yield (D.S.), annual precipitation (P), rainfall in
the wettest season (3 months) (S), and rainfall in the wettest month (p).
Fournier concluded that the most meaningful relationship was between
p2
the sediment yield (D.S.)and the parameter -- . Fournier (1960) also 
produced an equation relating sediment yield, rainfall, and orography. 
This equation is:
log D.S. = 2.65 log + 0.46 log H.tg a - 1.56
where
D.S. = sediment yield (in tonnes/kmz/year)
p - rainfall in wettest month
P = annual rainfall
H.tg a = orographic coefficient
H = median height or relief
tg a = coefficient of ’massivity' of the relief
= median height of relief 
horizontal length of relief
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From this equation, Fournier was able to roughly estimate natural rates 
of erosion throughout the world. However, he recognised that man’s 
influence could alter these rates appreciably (for further comment see 
Section 4.3.4).
Douglas (1967) has also studied sediment yields in a wide range 
of climates and has stated that high sediment yields are to be expected 
in areas with marked wet and dry seasons, i.e. both the relatively dry 
climates in arid and semi-arid areas and the monsoonal climates. Hence, 
the curve of the sediment yield run-off relationship should be bimodal 
with peaks at about 400 - 500 mm and 2000 mm mean annual run-off. This 
again is in contrast to the Langbein-Schumm curve.
Scott, Ritter, and Knott (1968), in a study of sedimentation 
in a watershed in southern California, found that there was an increase 
in sediment yield with an increase in effective precipitation for the 
basin studied, whereas, the Langbein-Schumm curve predicts a decrease 
in sediment yield for the particular range of effective precipitation 
and temperature. (The effective precipitation can be calculated by 
using the relationship between run-off and precipitation and temperature).
Rango (1970) studied the relationship between sediment yield 
and mean annual precipitation from areas in the western United States 
and found that there was a maximum sediment yield at about 710 mm (28 
inches) mean annual precipitation.
Finally, Wilson (1969, 1972, 1973) has reported the results of 
a compilation of all sediment data records available. These results 
show sediment yield peaks at 762 mm (30 inches) and 1768 mm (70 inches) 
mean annual precipitation. Again, these ’peaks’ disagree with the values 
recorded by Langbein and Schumm (1958).
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In discussing the influence of rainfall on sediment yield, 
some mention must be made of the effects of rainfall intensity and 
seasonality of precipitation. Leopold (1951) found that the number 
of storms had a significant influence on erosion despite the fact 
that the annual rainfall remained relatively constant. Heinemann 
and Piest (1975) report the results of several studies which have 
been looking at the rainfall intensity factor and its relationship 
to erosion. Williams and Berndt (1972) found that the universal soil 
loss equation (an equation which predicts soil loss and which is 
based on extensive data from small erosion plots in the U.S.A.) often 
overpredicted sediment production for storms having low rainfall 
factors and underpredicted sediment production for storms with high 
rainfall energy factors. Williams (1972) also modified the universal 
soil loss equation so that the equation could be applied to watersheds. 
This was achieved by substituting the product of storm run-off amount 
and rate for the rainfall energy factor.
The seasonality of precipitation is a factor which has been
studied in detail by Fournier (1949, 1950) and by Langbein (1962).
,2
The ratio derived by Fournier PP has been referred to as the
Fournier ratio (Douglas 1967). Douglas (1967) considers this ratio 
suitably expresses the rainfall variation.
Conclusions
The apparent discrepancies between the sediment yield peaks 
recorded by Langbein and Schumm (1958), Fournier (1949, 1960), 
Douglas (1967), Rango (1970), and Wilson (1969, 1972, 1973) can be 
explained to some extent by:
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1. The fact that Wilson (1969, 1973) appears to regard the 
sediment yield peak listed by Langbein and Schumm (1958) as being 
at 300mm (12 inches) of annual rainfall. This is not correct. It 
is, in fact, at 300mm of effective precipitation which is likely to 
correspond to about 500 - 750mm of annual rainfall (Langbein et at.a 
1949). Hence, the sediment yield peaks recorded by Wilson (1969) 
and Rango (1970) can be seen to be very similar to that of the 
Langbein and Schumm (1958). However, there is still disagreement 
with the sediment yield peak at 300mm recorded by Fournier (1949).
2. The continued decrease in sediment yield above 30 inches of 
effective precipitation (40 - 70 inches annual precipitation) as 
recorded by Langbein and Schumm (1958) is probably incorrect. The 
results from all the other workers show a marked increase in this 
region and I would guess the 'Langbein-Schumm' curve is incorrect 
above 30 inches of effective precipitation because of a comparative 
lack of data from the few sediment gauging stations in such climatic 
areas.
The other conclusion that may be tentatively drawn is that 
sediment yield is not only influenced by annual amounts of precipi­
tation but by intensity of precipitation, seasonality of precipitation 
and volume of run-off. It would appear that seasonal climates have 
higher erosion rates than non-seasonal climates. Hence, it might 
be more practical to relate sediment yields to different climatic
regions.
4.3.3
The role of temperature in relation to annual precipitation, 
effective precipitation, and annual run-off has already been discussed 
in the previous section. It was apparent that temperature, by influen­
cing effective precipitation and annual run-off, was also influencing 
the sediment yield. Further work by Schumrn (1965) also showed as 
annual temperature increases, the peak of sediment yield should occur 
at higher amounts of annual precipitation. That is, because of higher 
rates of evaporation and transpiration, less of the precipitation at 
higher temperatures is available to support vegetation, run-off is 
less and so the sediment yield peak shifts to a higher value of 
effective precipitation.
4.3.4 Land Use and the. Effects of Man
Although this factor is not a 'natural* factor in determining 
sediment yields, it is important enough to be considered along with 
the other lnatural* factors.
Numerous papers have been presented which clearly show the 
effects of man on sediment yield. Ursic and Dendy (1965) showed that the 
sediment yield from intensively cultivated land in individual watersheds 
in northern Mississippi is three, or more, times greater than land with 
mature forest cover or from pine plantations. Wolman (1967) studied 
land use changes and sediment yield from an area near Washington, D.C., 
and showed that under cropping, the sediment yield increased by a 
factor of twenty, compared to the original forest cover. Areas under­
going construction show sediment yields exceeding 800 tons/km2 compared 
to yields of 10 - 20 tons/km2 for the original forest areas. Douglas
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(1967) argues that in view of man's interference with the landscape it 
is difficult to reconstruct erosion rates for past ages. The data 
obtained by Douglas (1967) to support this argument comes from sediment 
yield data from Eastern Australia which is compared to data obtained 
by Fournier (1960) and Langbein and Schumm (1958). Judson (1973) also 
reports that sediment cores from a lake near Rome indicate a sudden 
increase of sedimentation in the lake with the commencement of 
construction work in the area by the Romans in the second century,
B.C. More recently, many papers presented at the International 
Symposium on the Effects of Man on the Interface of the Hydrological 
Cycle with the Physical Environment dealt with the effects of man's 
activities on erosion rates and sedimentation. (Rakoczi (1975), 
Fournier (1975)).
Probably the main conclusion that can be drawn from the data 
presented on land use and the effects of man is that by changing 
land use, man has changed rates of erosion to varying degrees.
When a figure for sediment yield from, a certain area is 
quoted, it is important to know whether the land use area has been 
changed significantly. Meaningless results can be derived from 
figures of sediment yield which have been exaggerated due to changes 
in land use.
4.3.5 Vegetation Cover
Langbein and Schumm (1958) first noticed the effect of 
vegetation on erosion and compiled information on climatic variation 
and vegetal bulk. The. vegetal bulk weights are measured in lbs/acre. 
Douglas (1967) also looked at the relationship between vegetation
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and erosion. He noted that in semi-arid areas which now experience 
high sediment yields, the natural vegetation is a relict formation 
from wetter climates. Its failure to regenerate may be an important 
cause of high sediment yield. In more humid areas, faster regrowth 
of vegetation and more regular precipitation makes the effects of 
destruction of vegetation less drastic.
It has been generally assumed that the sparse vegetative 
cover in arid and semi-arid environments has had very little effect 
on ’protecting’ the underlying rocks and soil from the full force 
of the rain whereas in tropical environments, it has been thought 
(Tricart S Cailleux 1972) that the dense vegetation cover provided 
an effective shield over the underlying soil and rocks and thus 
reduced the sediment yield. However, work by Jackson (1975) has 
shown that for ’heavy' rainfall (20mm gross rainfall) the percentage 
interception by trees in a tropical forest is only 12%, whereas for 
’light' rainfall (1mm gross rainfall) the percentage interception 
by the trees is 85%. Ruxton (1967) has also pointed out that the 
protective effect of the mature primary rainforest cover has been 
exaggerated. Based on studies in northern Papua, Ruxton found that 
where openings in the rainforest canopy commonly occur, the shrub 
layer is often sparse and the leaf litter is thin. Hence, a 
combination of these factors and the amount and intensity of rainfall 
received in the region, will result in a high rate of denudation and 
shallow, immature, weathering mantles.
As mentioned in the previous section, land use changes can 
seriously affect rates of erosion. Clearing the natural vegetation 
invariably causes a significant increase in the sediment yield.
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However, this knowledge can be used to advantage. Planting of certain 
grasses/shrubs on exposed slopes susceptible to erosion can greatly 
reduce the rate of erosion.
4.3.6 Fracture Density of the Rock
Wilson (1973) notes that massive rocks absorb little water 
and promote relatively large amounts of run-off, in comparison to 
intensely fractured rocks which limit run-off by permitting large 
rates of infiltration. Massive rocks resist erosion because it is 
not easy to dislodge individual crystals or grains whereas highly 
fractured rocks tend to erode more easily. Wilson concludes that 
maximum sediment yield should occur from rocks with some intermediate 
fracture density, i.e. a density which enables a maximum sediment 
yield value to be obtained from the rock which facilitates run-off 
and detachment of material.
4.3.7 Drainage Basin Area.
Several studies have indicated a relationship between drainage 
basin size and the resulting sediment yield. Brune (1948) noted that 
the rates of sediment yield are inversely proportional to the 0.15 
power of the drainage area. Glymph (1954) and Hadley and Schumm (1961) 
have also noted the fact that there is a decrease in unit rate of 
sediment yield with increasing size of drainage basin. From studies 
in the Cheyenne River basin, Hadley and Schumm (1961) consider that 
gentler stream gradients and slope angles near the mouth of a drainage 
basin, which compared with the more rugged topography near drainage 
divides may explain the decrease in sediment yield with increased 
drainage area. Wilson (1973) considers two possible alternatives to
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explain the relationship between drainage basin size and sediment yield. 
Firstly, the residence time of a given particle is longer in large 
basins than in smaller basins because of the longer distance the particle 
moves. Hence, there is more chance for chemical weathering to occur 
in large basins and thus the ratio of chemical load to solid load should 
increase with basin area. The other explanation offered is that present 
day climatic conditions and/or land use favour erosion from small upland 
basins and accumulation in the lowlands of large basins.
In his study of sediment yield and precipitation, Wilson (1973) 
corrects all values for basin area so that the values represent mean 
annual sediment yield from drainage basins with an area of 259 sq. km 
(100 sq. miles). In this way, the effect of drainage basin size can 
be effectively eliminated as a variable affecting sediment yield.
4.3.8 Relief
The role of relief as a factor in sedimentation has never been 
seriously disputed. As Ahnert (1970) states;
"The influence of the available relief upon the rate of 
denudation is a fact familiar even to the casual observer ..." 
Fournier (1960) included the 'orographic coefficient' (which 
was the median height of relief by the coefficient of 'massivity' of 
the relief) in his equation for predicting sediment yield. Schumm 
(1956, 1963) paid attention to the effect of relief upon sediment load 
and thus, upon average denudation rates. Schumm found that the rate 
of denudation increases exponentially with increasing relief. Schumm 
and Hadley (1961) have also studied the effect of relief and found 
that sediment yield (S) could be calculated from the ratio of the
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height difference between the divide and mouth of the drainage basin 
to its length (R). The equation relating the two is given by:
log S = 27.35R - 1.870
Ruxton and McDougal (1967) show a linear relationship between relief 
and denudation from their study of erosion of the slopes of Hydrographer’s 
Volcano in Papua. Ahnert (1970) considers that the rate of denudation 
is mainly influenced by the available relief, and that it tends to 
increase linearly in proportion to the latter when removal of rock waste 
in solution is included. Ahnert considers the relation
.000106h 
1000 years (where d = mean denudation 
rate h = mean relief)
provides a rough idea of denudation rates.
Thus, it can be generally concluded that there is a distinct 
relationship between relief and denudation. However, I do not think it 
is vitally important to determine the precise relationship with formulas 
that are, by their own admission, often no more than rough approxima­
tions. It is more important to understand how tectonism controls relief 
and thus the role tectonism has in determining rates of denudation.
4.3.9 Source Area Lithology
The study by Schumm. and Hadley (1961) illustrates the fact that 
the lithology in the source area affects sediment yields. Experimental 
studies also show that different lithologies will lead to different 
sediment yields under similar conditions, e.g. feldspars and limestones 
breakdown at a much more rapid rate than quartz.
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Although source area lithology is a factor to be considered 
when we are looking at rates of sedimentation, I think that it is not 
as important a factor as is climate or tectonism. Climate and tectonism 
would appear to play overall controlling factors in sedimentation. 
Sedimentation rates from large drainage basins are unlikely to differ 
significantly between basins with different lithologies providing the 
basins are similar in climate and tectonism..
4.3.10 Water Temperature
Leliavsky (1955) notes that from experiments on sediment load 
and transport in the Colorado River, it would appear that the highest 
sediment loads are carried when the water temperature is colder, i.e. 
in winter. These experiments were done under controlled conditions. 
However, Leliavsky (1955) is uncertain as to
’’whether the influence of the temperature on the sediment
load is indeed a direct effect or whether there is a third
agent performing the role of what in chemistry is a catalyst ...”
4.3.11 Orientation of Slopes
Schurnm and Hadley (1951) note that in the western United 
States, north-facing slopes receive less solar radiation resulting 
in additional moisture which supports more vegetation which results 
in less erosion. South-facing slopes lose soil moisture, more rapidly 
with consequent poorer vegetative cover and hence more erosion.
Schurnm and Hadley (1961) also note that the number of channels 
on the south-facing (i.e. northern side) of a drainage basin is more 
than twice that found on the north-facing (i.e. southern side) of the 
drainage basin.
328 .
4.3.12 Mean Ground-Slope Angle
Lustig (1965) lists a number of geomorphic parameters that 
best correlate with sediment yield. These are:
1. A sediment area factor
2. A sediment movement factor
3. Total stream length
4. Transport efficiency factors
The factor of mean ground-slope angle is a parameter in both the 
sediment area factor and the sediment movement factor. Lustig defines 
the sediment area factor as
A where A is the planimetric area of a water-g — S P
A. cos 0g shed and 0g is the mean ground-slope angle.
The sediment movement factor (S ) is defined as the product of them e
sediment area factor and the mean of the sines of the ground-slope 
angles
(S = S x sin 0g) m A 0
4.3.13 Summary
It would appear that there are a number of parameters which 
control sedimentation. However, it would appear that tectonism and 
climate are the most important factors. Before I briefly summarise 
the relationships between tectonism, climate, and sedimentation, I 
think it is useful to look at examples where theoretical sediment 
yields have been calculated using models based on a variety of para­
meters. Hopefully, these models will also show that tectonism and 
climate are important factors in sedimentation.
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4.4 Sediment Yield Prediction
A number of papers have been published (Flaxman 1972, Jansen 
& Painter 1974) which use various models to predict sediment yield 
using certain variables. It is considered useful to look at these 
models with respect to:
(a) the variables used and how these relate to known 
variables which influence sediment yield;
(b) the types of models used;
(c) the accuracy of the particular models.
Flaxman (1972) uses four variables in his model, viz. climate, 
topography, and two variables for soil characteristics. The climate 
variable is the ratio of
annual precipitation (P) (in inches)
annual temperature (T) (in °F)
(P/T ratio). Some P/T ratios were modified to reflect the influence 
of run-off due to snowmelt. The topography variable is the weighted 
average slope of the watershed expressed as a percentage . The two 
varaibles for soil characteristics are firstly, the percent of soil 
particles coarser than 1mm in the surface 2 inches of the soil profile 
and secondly, the aggregation or dispersion characteristics of clay 
size particles in the same surface 2 inches of the soil profile.
The multiple regression analysis using these variables show 
fairly good agreement between measured and computed sediment yields. 
Flaxman (1972) considers that such factors as changing vegetation 
patterns from changing land use can influence the predicted sediment 
yield but overall the sediment yield predicted is fairly accurate 
using these four variables.
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Whereas Flaxman based his basic data mainly on semi-arid and 
humid temperature climates from western U.S.A., Jansen and Painter 
(1974) have used data from catchments around the world in their models. 
The catchments have been grouped into four climatic zones. These ace:
Climate A: 
Climate B: 
Climate C; 
Climate D:
Tropical, rainy 
Dry
Humid, mesothermal 
Humid, microthermal
Eight different variables were used in the analysis. These are:
1. Average annual rainfall (P)
2. Average annual temperature (T)
3. ‘Proneness to erosion’ parameter (in general rock hardness
increases with age) (G)
4. Altitude (H)
5. Relief/length ratio for each catchment (R) (equivalent to
main channel slope)
6. Basin (catchment) area (A)
7. Density of vegetation (increased vegetation density decreases
erosion) (V)
8. Discharge (D)
However, not all parameters are used in calculation for each 
climate. In climate A, the following parameters are used - D, A, R, T. 
In climate B, the following -D, H, P, T, V. In climate C - D, R, T , V.
And in climate D - H, P, V, G.
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The estimated suspended sediment yield was plotted against the 
observed suspended sediment for each climate. From these graphs, Jansen 
and Painter (1974) draw the conclusion that sediment increases with 
increasing run-off, altitude, relief, precipitation, temperature, and 
rock softness and there is a decrease in unit rate of sediment yield 
with increasing basin (catchment) area, and protective vegetation.
Three anomalies are noted, viz.
1. Inverse relationship of sediment yield with temperature 
(Climate A). This may be due to increasing vegetation 
density and less erosion with higher temperatures.
2. Inverse relationship of sediment yield with discharge 
(Climate B). This may be due to the fact that low annual 
discharges in arid areas comprise of a few very high 
intensity floods v/hich carry vast sediment loads.
3. Inverse relationship between sediment yield with relief 
(Climate C). This may be due to man’s influence on land 
use at low altitudes.
Thus, these models would tend to support the conclusions 
reached previously that tectonism and climate are important factors 
in controlling sedimentation. In these models tectonism is 
represented by the factors altitude and relief.
4.5 Summary
The topic of tectonic control of lithogenesis has been 
discussed in section 4.2. It was noted that eight different 
premises have been put forward by various people which would appear 
to indicate the dominant role tectonism (or diastrophism) has on 
lithogensis. However, it was also noted that these premises have 
been seriously .questioned by various people, especially Crook (1968).
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In ccction 4.3, in which all parameters which effected sedimen­
tation were discussed in some detail, it was shown that precipitation - 
including intensity and seasonality of precipitation - e.nd temperature 
were important factors in controlling sedimentation. Water temperature, 
which is controlled by climate to some extent, also effects the sediment 
yield.
It was also shown in section 4.3 that tectonism, through the 
individual factors of relief, orientation of slopes, and the ground- 
slope angle, was important in the processes of sedimentation.
However, based on the study of factors which influence sedi­
mentation and on theoretical studies of sediment yield, it is not 
possible at this stage to do any more than conclude that sedimentation 
is effected by a number of parameters of which climate and tectonism 
are prominent factors. The only real conclusion that can be drawn 
is that tectonism alone does not control sedimentation and other 
factors such as climate, also control sedimentation to some degree.
It is not possible at this stage to put 'figures’ on the relative 
values of tectonism, climate, and other parameters recognised.
However, from the study of the calclithites, it should be 
possible to shed further light on the respective roles of tectonism 
and climate and these are discussed in the last chapter.
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CHAPTER 5
SUMMARY OF CONCLUSIONS
5.1 Introduction
It was stated at the end of Chapter .1 that the detailed 
study of calclithites should involve a study of:
(a) The environment in which calclithites are formed, and a 
comparison of the calclithites from these environments.
(b) The factors involved in the control of sedimentation,
(c) The influence of climate and tectonism in the formation 
of calclithites.
These topics were studied in previous chapters of the 
report together with a more detailed look at the calclithites 
currently forming on the Rai Coast. In this final chapter, 
conclusions on the lithogenesis of the Rai Coast calclithites 
and calclithites from tropical areas are presented as well as 
conclusions on the significance of calclithites.
5.2 Characteristics of Calclithites from the Rai Coast
5.2.1 Introduction
The aim of this section is to summarise the conclusions 
reached regarding the characteristics of the Rai Coast calclithites
and to briefly compare them with calclithites from other environments.
5.2.2 Calclithites from the Rai Coast
The calclithites from the Rai Coast, both the consolidated 
deposits (the Topset Gravels) and the unconsolidated deposits, 
consist mainly of large limestone clasts, which can range in size
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up to several metres in diameter, set in a matrix which is composed 
mainly of silt and sand sized limestone fragments. Basalt clasts are 
also common in these calclithites and vary from 5% to 40% of the total 
of clasts. Rare shale and sandstone clasts have also been recorded.
The morphology of the limestone clasts varies considerably 
depending on distance of transport. Brief studies were made of pebble
shape, sphericity and roundness and the changes in these parameters
-1
with distance travelled.
The other studies done which relate to these calclithites were 
aimed at determining the processes involved in the formation of the 
calclithites. These studies included a study of fluvial sediment 
transport, elongation function analyses, a study of the hydrology and 
hydrogeochemistry of the Tewai and Wenga Rivers and estimates of rates 
of limestone erosion on the Rai Coast.
I concluded that the two major factors which result in the 
formation of calclithites from this environment•are mechanical 
weathering and ’rapid transport’ by the river. Mechanical weathering 
is necessary to provide the limestone clasts and an efficient form of 
sediment transport, in this case fast flowing rivers, is necessary 
to transport the limestone clasts which will enable the calclithite 
to be formed.
5.2.3 Grain Size of Carbonate Clasts in Calclithites
Unfortunately, it was not possible in the study of the 
calclithites currently forming on the Rai Coast to assess changes 
in grain size with distance of transport owing to the fact that 
there are numerous sources for the carbonate fragments found in 
the river channels. The only method I could suggest to study
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change in the grain size would be for marked or coloured pebbles 
of known size and shape to be placed in the river at a certain 
point and to record the size and shape of the pebbles when they 
were recovered some distance further downstream. However, an 
experiment such as this would probably take several weeks to 
complete and unfortunately, this amount of time was not available 
during the visit to the Rai Coast in May 1976.
In arid and semi-arid environments, including alluvial 
fans, the grain size of the carbonate clasts varies considerably. 
Wilson (1970) records a maximum clast size of 35 ft, from 
calclithites of the Beaverhead and Monida Formations, whereas 
Ruhe (1967) notes that the median diamter of clasts from the 
Organ fan is only 1.5 mm. Ruhe (1967) also notes that the 
median diameter of carbonate clasts from the nearby Jounada fan 
is more than 20 mm, at a comparable distance from the moutains.
It is important to note the phrase 'at a comparable distance'.
As Bluck (1964) has recorded, there is a considerable decrease 
in maximum particle size over a distance of about 4 km, and thus 
at any one point the grain size of the clasts will probably depend 
on the distance away from the outcropping carbonate sources.
In the glacial and periglacial environment, there is also
y-
a considerable variation in grain size of the carbonate clasts.
Davis (1958) and Smith (1974) record that large cobbles and pebbles 
are common in many fluvio-glacial stream gravels and glacial till 
whereas Krumbein (1933) and Hollingshead (1971) note that the median 
diameter of carbonate fragments recorded from their studies was 
much smaller. Again, this suggests the grain size is dependant 
on the distance from the outcropping carbonate source.
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5.2.4 Particle Morphology of Carbonate Clasts in Calclithites
The results obtained from the studies of roundness and 
sphericity from the Tewai River indicate that there is only a slight 
increase in sphericity values over a distance of approximately 3 km. 
However, thete would appear to be a definite increase in roundness 
of the carbonate clasts with transport over this distance of 3 km.
Changes in particle morphology of carbonate fragments in a 
fluvial environment have been studied by Plumley (1948) and Sneed 
and Folk (1958). Both studies show that a maximum value or values 
very close to maximum values for sphericity and roundness are 
attained after only a short distance of transport (approximately 
7 - 15 km).
However, it is not possible to draw any definite conclusions 
regarding changes in sphericity and roundness from the Tewai River 
due to the fact that there are several sources of supply for the 
limestone fragments including conglomerate and gravels where the 
fragments may have already been rounded. In order to compare the 
particle morphology of the carbonate fragments from the different 
climatic regions, it would again be necessary to have ’ideal 
situations' where samples could be obtained from as close as 
possible to the outcropping carbonate rock and then at certain
i-
intervals after transport of these carbonate fragments. From 
these results it may be possible to note differences in particle 
morphology between the different environments and to comment on 
the possible significance of these differences.
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5.2.5 Matrix of the Calclithites
The calclithites forming on the Rai Coast at present consist 
of large limestone fragments set in a silt-sand sized matrix of small 
limestone fragments. However, the older fluviatile calclithites 
from the Rai Coast, ’the Topset gravels’, (Chappell 1973, 1974a) 
appear to be cemented with a sparite cement.
There are only a very few instances of the matrix of 
calclithites having been recorded and invariably the description 
given is extremely brief with little detail.
In most reported cases, the matrix is often a silt-sized 
mixture of carbonate fragments and quartz. In arid and semi-arid 
environments there is often a calcium carbonate cement (Laming 1966, 
Lattman 1973). Pettijohn (1975) figures a thin section of a till with 
carbonate fragments (i.e. a calclithite) which also has a silty matrix.
5.2.6 Calclithite Stratigraphy
The aim of this section is to briefly look at the ’setting' 
of the calclithites from the arid/semi-arid, glacial/periglacial, 
and tropical environments and to compare their different 'settings’.
By ’setting’, I mean the rocks associated with the calclithites, the 
. thickness of the individual calclithite strata and the thickness of 
the sequence containing the calclithites.
In arid/semi-arid environmehts the thickness of the individual 
calclithite strata can vary considerably. In some areas, there can 
be fairly thick sequences built up which consist of different cal­
clithite strata, e.g. Wilson (1970). Other rock types associated with 
calclithites from this environment include other types of conglomerates, 
alluvial silts and sands, lacustrine (playa lakes) deposits, freshwater 
limestones and a few instances, volcaniclastic rocks.
In the glacial/periglacial environment, there are unfortunately, 
very few data. I could only guess that the thickness of the’ individual
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calclithite strata would vary from maybe a few centimetres up to 
possibly tens of metres. The other rock types associated with the 
calclithites would probably be other till deposits and fluvio-glacial 
siltstones and sandstones.
In the tropical environments, I would also expect the thick­
ness of the particular calclithite strata to vary quite markedly.
This thickness could depend on whether the calclithite was the 
result of a large flood or even a catastrophic mudflow or landslide. 
Other rock types associated with the calclithite could include other 
types of alluvial deposits or mudflow or landslide deposits. The 
association of calclithites with marine deltaic gravels and limestones 
(the uplifted coral reef terraces) on the Rai Coast may be a special 
example that is not found in any other tropical environment.
Thus, whilst it is easy to observe modern-day calclithites 
and observe their ’setting’, it is not as easy when one is confronted 
by a calclithite in a thick sedimentary sequence. To determine the 
environments of deposition it is necessary to look at the associated 
rocks and see if any fossils are present in the sequence. This 
examination could enable the palaeogeographic setting to be determined. 
5.3 Calclithites from Tropical Areas
In this section, conclusions concerning the formation of 
calclithites from tropical areas are presented.
5.3.1 Mechanical Weathering and Sediment Transport in Tropical Areas
i
In tropical areas it has long been assumed that chemical 
weathering is very rapid and intense and is the dominant form of 
weathering in this climate. Mechanical weathering has been thought 
to be only negligible. I would guess that these assumptions are 
based on the work of European geologists and geomorphologists 
who, after studying tropical regions either around the Amazon in South 
America or in areas of Africa, possibly Nigeria or Ghana, formed the
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opinion, based on the topography, river morphology, etc. that chemic-1 
weathering would be dominant with mechanical weathering of only minor 
importance in tropical climates. These opinions are, of course, 
generalisations on forms of weathering in tropical areas. Without 
observing all forms of weathering in all tropical regions throughout 
the world, it is pointless to make such sweeping statements that cannot 
be supported with factual evidence.
With more detailed studies of the tropical environments, it 
would appear that the role of mechanical weathering has been under­
estimated.. Sweeting (1971) notes that Balazs reports that in areas of 
limestone erosion in the Celebes, the lowering of limestone by solution' 
is of the order of 0.083mm/year whereas the rate of mechanical erosion 
of limestones in the same area is about .1 to .4mm/year. The rate of 
mechanical erosion of non-limestone rocks in the area is even higher, 
in the order of l-3mm/year.
Balazs (1973) himself calculates the limestone removed in 
solution is 80m3/km2/per annum whereas the limestone removed by 
mechanical erosion is of the order of 50-200m3/km2/per annum from an 
area of ’tower karst’ in southwest Sulawesi, Celebes, Indonesia.
Thomas (1974) has studied in some detail, denudation and 
forms of chemical weathering from tropical environments. Thomas notes 
that the removal of material in solution by rivers has commonly been 
overestimated and other forms of weathering are more important than 
has been suggested previously.
One such form of weathering is mechanical evaluation, i.e. 
the selective removal of fine-grained material in the silt and clay 
fractions from regolith mantles by the slow movement of groundwater.
Several other forms of mechanical weathering have also been described 
from tropical environments.
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Processes of mass movement are fairly well known, particularly 
the more spectacular ’landslides' and ’avalanches'. Thomas (1974) notes 
that landslides are of greater importance in tectonically mobile areas 
of high relief. Several factors may be responsible for initiating 
mass movement in the tropics. These include high rainfall intensity 
in the ’wet’ season and earthquakes. The angle of the slope also 
influences landslides, with mass movement commonly found on slopes 
ranging from 35° to 60°. ihomas also notes that processes such as 
gradual creep and colluvial processes occur in tropical environments.
The process of slcpe wash in humid tropical environments has 
been studied in some detail by Ruxton (1967), who noted the effects 
of raindrop erosion (raindrop impact) and unconcentrated wash, i.e. 
water from rain after it has fallen on the surface of the ground and 
before it has been concentrated into definite streams. Kirkby (1969) 
also emphasises the importance of raindrop impact in moving small 
pebbles.
Thus, it would seem that the theory that chemical weathering 
is predominant in tropical areas is not necessarily correct and various 
forms of mechanical weathering in the tropics are more significant 
than has been previously suggested.
On the Huon Peninsula, rivers have cut steep gorges through 
these moutain ranges and carry a large amount of material as bedload. 
These rivers are usually very fast flowing and vary considerably in 
morphology during the ’wet’ and ’dry' seasons. In the case of the 
Tewai and Wenga Rivers, practically all the material carried as the 
bedload are large limestone pebbles, cobbles, and boulders. Large 
limestone boulders, greater than 1 metre in diameter, provide an indica­
tion of the size of material transported by the river during periods of
maximum discharge.
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In order for calolithites to form it .was also essential that 
there is a form of sediment transport which enables the carbonate 
fragments to be rapidly transported and deposited in fairly thick 
sequences to prevent excessive chemical weathering of the fragments. 
There is always bound to be some chemical and some mechanical 
weathering of the fragments during transport. However, rapid 
transport should ensure a minimum amount of weathering.
In areas where mechanical weathering is dominant, probably 
the major forms of sediment transport is running water. The study 
of the hydrology of the Tewai and Wenga Rivers showed that even 
during the dry season, pebbles greater than 5 cm in diameter could 
roll along the bed of the Tewai River. Based on the size of the 
huge boulders found in the channel of the Tewai and Wenga Rivers 
at present, an indication of the nature of the rivers during maximum 
discharge could be obtained. At this time, I would guess that a 
considerable amount of limestone detritus, including the large 
boulders, would be moved as bedload. The only other forms of 
sediment transport in tropical environments are probably mudflows, 
landslides and other related forms of mass movement. However, it 
is hard to estimate how ’efficient' this form of transport is in 
terms of volume moved over time. Unlike running water which is 
regularly transporting sediment-, albeit of varying sizes, transport 
by mass movement is high irregular, i.e. a mudflow or landslide may 
occur twice in a day at one particular point or once every hundred 
years at another point. Although calculations have been made on the 
extent of denudation by Simonett (1967), Pain and Bowler (1973), 
and Pain (1975), I think experiments and studies over an extremely 
long period of time are needed to obtain estimates of rates of 
denudation and sediment transport in mudflows, landslides, etc.
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Thus, the main conclusions that can be drawn from this 
section is that in areas of the tropics where mechanical weathering 
processes are greater than or equal to chemical weathering processes, 
calclithites may form. This is provided that there is a sufficiently 
rapid form of transport for the carbonate fragments, e.g. fast-flowing 
streams and rivers, particularly in flood, to ensure these fragments 
are not subjected to excessive chemical weathering during transport. 
Subsequent deposition of the carbonate fragments over a period of 
time should lead to the formation of a thick limestone sequence, 
i.e. a calclithite.
5.4 Formation and Characteristic Features of Calclithites : Summary
It has been shown that a two-stage process is involved in the 
formation of calclithites in all the different climatic environments. 
The first process involved is that of mechanical weathering. It is 
essential that one form of mechanical weathering, e.g. freeze-thaw, 
is dominant in the erosion of the outcropping carbonate.
With at least one form of mechanical weathering dominant, 
there is usually a larger quantity of carbonate fragments, some up 
to several metres in diameter, produced from the outcropping carbonate 
source. The next process involved some form of rapid transport, 
be it either water, wind, or even a glacier. This is necessary to
V-
ensure that there is as little mechanical, or chemical, weathering 
as possible during transport and thus enable a considerable quantity 
of limestone detritus to be eventually deposited.
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Having given this rather generalised account of the possible 
sequence of events in the formation of calclithites from arid/semi- 
arid, glacial/periglac.ial and tropical environments, it would be of 
considerable use to have detailed information on the characteristic 
features of the calclithites from each climatic environment. These 
calclithites could then be compared and any differences noted, which 
would help not only in the determination of environment of deposition 
for other older calclithites but also in helping to determine the 
effectiveness, or otherwise, of the process of mechanical weathering 
and sediment transport in the particular environment. For example, 
if the grain size, grain morphology, and elogation function analysis 
of the limestone fragments were measured at specific intervals along 
a river after the last outcrop of limestone along the river, it may 
be possible to draw several conclusions such as the effectiveness 
of sediment transport for calclithites in the particular climate, 
or the mode of transport of the limestone fragments. Unfortunately, 
this detailed information is not available and there are only a few 
studies which have been done on some particular aspect relating to 
calclithites. A considerable amount of work is needed to be done 
in this field.
5.5 Significance of Calclithites
y..
Work on this suite of rocks has not been done previously 
because most geologists and geomorphologists have not recognised 
the real significance of calclithites. Calclithites are a special 
type of rock which seem to form only under certain conditions as 
a result of the above two processes. However, it can also be 
successfully argued that flysch sequences, till deposits, etc. also 
require special conditions for their formation. Therefore, what 
does make calclithites significant?
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The answer seems to lie in the fact that calclithites appear 
to form only in three distinct climatic regions in which it lias been 
seen that mechanical weathering is dominant.
The subject of sediment yield and its relationship to 
climate, through the parameter of rainfall, was studied in some 
detail in the previous chapter. It was finally concluded that 
although there were discrepancies in the sediment yield peaks listed 
by several people, and there were two explanations for this. Firstly, 
the fact that the sediment yield peak listed by Langbein and Schumm 
(1958) was at 300 mm of effective precipitation and not 300 mm of 
annual precipitation and, secondly, the reported decrease in sediment 
yield above 30 inches of effective precipitation (47-70 inches annual 
precipitation) as reported by Langbein and Schumm (1958) is probably 
incorrect and that it is more likely that there is an increase in 
sediment yield above 30 inches of effective precipitation. This 
detailed study indicated that there were two regions of high sediment 
yield. On region, at approximately 750 mm (30 inches) mean annual 
precipitation and the other region for rainfall in excess of 1500 mm 
(60 inches).
The mean rainfall in arid environments is usually less than 
250 mm (10 inches) mean annual precipitation, and usually between
i-250-500 mm (10-20 inches) mean annual precipitation for semi-arid 
environments. Mean annual precipitation in glacial and periglacial 
environments is also usually less than 500 mm (20 inches). Mean 
annual precipitation in the tropical climate is usually more than 
1500 mm (60 inches) mean annual precipitation. As noted in Chapter 3, 
the mean annual precipitation on the Rai Coast is approximately 2000 mm 
(80 inches). Thus, based on values for mean annual precipitation of 
areas where calclithites are formed, it would seem that 'peaks' of
345.
sediment yield should occur roughly in the region of 250-300 mm 
(10-12 inches) and in the region greater than 1500 mm (60 inches).
The ’peak' at about 250-300 mm (10-12 inches) listed above 
appears quite different to the ’peak’ recorded at about 750 mm 
(30 inches) by Wilson (1969) and Rango (1970). However, rainfall 
of 750 mm (30 inches) usually is indicative of a temperate climate 
where there is often a significant amount of chemical weathering and 
I suspect this peak at 750 mm is too ’high’ i.e. the peak should be 
at a lower figure of mean annual precipitation. The reason for this 
may be that the figures used by Wilson (1969) and Rango (1970) could 
be ’contaminated’ by man's influence as has been suggested by Douglas 
(1967). It should be noted here that Fournier (1949) records a 
sediment yield peak at 300 mm mean annual rainfall, which is in 
agreement with the approximate peak at 250-300 mm mean annual 
rainfall derived from the data on calclithites. To check there is 
a sediment yield peak at approximately 300 mm mean annual rainfall 
it would be necessary to record sediment yield data from drainage 
basins in arid and semi-arid environments, glacial and periglacial 
environments, and also from temperate environments as well.
Sediment yield in areas of high mean annual rainfall 
(usually tropical environments) is again very high and maximum 
values of sediment yield could well^be recorded in the region of 
2000 mm mean annual rainfall. The data derived from the study on 
calclithites is in agreement with this figure of 2000 mm mean annual 
rainfall which is based on the graph given by Wilson (1969) and 
which receives support from the sediment yield studies of Fournier 
(1949, 1960) and Duglas (1967). The graph presented by Langbein 
and Schumm (1958) which shows a minimum sediment yield for 1200 mm 
mean annual rainfall is most probably incorrect, due to the fact
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that it is based on insufficient data. The only real problem when 
dealing with values of sediment yield in areas of high rainfall is 
to try to determine whether there is increasing sediment yield with 
increasing mean annual rainfall over 2000 mm. As stated previously, 
this ’peak' at 2000 mm is based on the graph of Wilson (1969) who 
shows a decrease in sediment yield above 2000 mm. There would need 
to be a considerable number of data available from tropical areas 
with exceptionally high rainfall before the sediment yields vs mean 
annual rainfall graph could be extended, with any confidence, past 
2000 mm mean annual rainfall.
However, the main point is that the ’peak' of sediment yield 
at approximately 2000 mm suggests that mechanical erosion is dominant 
in tropical climates to produce this sediment yield peak. This is 
in agreement with recent studies of erosion in this climatic 
environment, e.g. Simonett (1967), Pain (1975), which suggests that 
mechanical weathering in some tropical climates is certainly not 
nelgigible. Whether or not two distinct tropical climatic regions 
can be recognised, one where chemical weathering appears to be 
dominant, e.g. the Amazon basin and the other where mechanical 
weathering appears to be dominant e.g. New Guinea, I could not 
really say with any degree of certainty. Possibly a detailed study 
of erosion in tropical climates'could resolve this apparent problem.
The fact that calclithites appear to form only in certain 
climatic regions is of significance in the study of tectonics, 
climate, and sedimentation. In Chapter 4 it was noted that the 
theory that tectonism controls lithogenesis is still being put 
forward in modern-day text books. One of the basic premises in 
this theory is that ’diastrophism by changing the major topographic 
features indirectly controls climate’. However, it was also noted
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that this premise in particular, together with the seven other 
premises about tectonic controls of lithogenesis, has been seriously 
questioned by Crook (1968), who showed the independence of climate 
and tectonism based on numerous examples.
In order to determine which factors controlled lithogenesis, 
it was decided to examine each known factor which was thought to 
influence sedimentation. From this detailed examination, and also 
from theoretical studies of sediment yield, it appeared that climate 
and tectonism were the major factors which controlled sedimentation, 
but it could not be determined which, if either, of these two 
particular factors was dominant.
Thus, it was very significant that calclithites appear to 
form only in certain climatic regions, but a variety of tectonic 
environments. This evidence seems to suggest that climate could be 
the dominant factor in lithogenesis.
However, when the two factors of mechanical weathering and 
sediment transport are examined in some detail, it would seem that 
tectonism does have some influence in the formation of calclithites, 
particularly through control of relief and the ground-slope angle.
Relief probably has only a small influence on rates of 
mechanical weathering. When comparing two localities in the same 
climatic region, at the locality with a higher altitute, the 
temperature will be lower and hence the action of freeze-thaw 
(frost) weathering would probably be more intense and hence a 
greater quantity of rock fragments may be produced. The ground- 
slope angle and relief could also have some influence on rates of 
mechanical weathering in areas of steep slopes where landslides, 
mudflows, etc. may occur. As discussed previously in this chapter, 
the angle of slopes influences landslides with mass movement commonly 
found on slopes ranging from 35° to 60°.
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However, I think that relief and the ground-slope angle have 
a greater influence on sediment transport than on mechanical weathering. 
In arid and semi-arid environments, these two factors would appear to 
be essential in the formation of alluvial fans, where calclithites 
are commonly found. In areas of southwestern U.S.A., where alluvial 
fans, and calclithites, have been reported from numerous localities, 
it would appear that the alluvial fans are laid down either at the 
hill-plain junction or the piedmont zone below the hill-plain junction 
and that such factors as steep slopes having insufficient cover to 
prevent rapid erosion, slope failure and landsliding, promote 
debris-flow alluvial fan deposits.
In the glacial environment, relief and the ground-slope 
angle may effect the formation of calclithites by effecting the rate 
of glacier movement which in turn could effect the rate at which 
rock fragments are brought to the surface of the glacier and spread 
out in the moraines. However, I do not think this factor is very 
significant in the formation of calclithites from- the glacial 
environment.
In the periglacial environment, the factors of relief and 
ground-slope angle may have more influence than in the glacial 
environment. Calclithites formed from solifluction deposits would 
appear to depend on the ground-slope angle. I would think that a 
greater amount of material would be moved by solifluction on a 
steeper slope. Fluvio-glacial deposits probably also depend to 
some degree on relief and the ground-slope angle. Again, I would 
consider that a greater amount of materiell would be transported 
along rivers and streams which orginate at a higher altitude and 
have a greater river gradient.
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In the tropical environment, I consider the factors of 
relief and ground-slope angle may also have considers!le influence 
in the formation of calclithites by enabling greater amounts of 
limestone detritus to be transported along rivers and streams which 
originate at a higher altitude and have a greater river gradient.
As mentioned previously in this section, the factors of relief and 
the ground-slope angle are major controlling factors in the formation 
of deposits resulting from landslides, mudflows, etc. which are 
commonly found in tropical environments.
Thus, it can be seen that although calclithites from only 
in certain climatic regions, tectonism (diastrophism), through the 
factors of relief and ground-slope angle, as well as climate, 
influences the lithogenesis of calclithites. Unfortunately it is 
not possible to conclude whether tectonism or wether climate is the 
dominant factor, and all that can be said is that both factors 
control the formation of calclithites. This conclusion is in 
agreement with the conclusions reached from the study of factors 
which control sedimentation (Chapter 4) and from the evidence from 
studies by Fournier (1949, 1960), Langbein and Schumm (1958) and 
Wilson (1969, 1972) which showed the influence of .climate on 
sediment yield, and the detailed study by Crook (1968) which
I-
demonstrated that the premises regarding the tectonic control of 
lightogensis were not necessarily correct.
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APPENDIX 1
SAMPLES FROM THE RAI COAST COLLECTED PRIOR TO MAY 1976
(Referred to in this thesis)
Field No.
KCNG 239/71 
KCNG 245/71 
KCNG 249/71
A.N.U. Number Type of Sample
26235
26237
26233
26241
26242
26243
26244 
2624.5
26246
26247 
26243
26249
26250 
26279
26541
26542
32927
32934
32942
32943 
32945
32947
32948
32949 
32952
Sand-sized limestone debris
Fine limestone debris
Fine limestone gravel
Fine limestone gravel
Coarse limestone gravel
Fine limestone gravel
Coarse limestone gravel
Fine limestone gravel
Coarse limestone gravel
Fine limestone gravel
Coarse limestone gravel
Fine limestone gravel
Coarse limestone gravel
Fluvial calclithite
Sand-sized limestone detritus
Fine limestone detritus
Water sample
Water sample
Water sample
Fluvial calclithite
Fluvial calclithite
Fluvial calclithite
Sand-sized limestone detritus
Sand-sized limestone detritus
Stream sediment (gravel, sand 
silt, mud)
Sand-sized limestone detritus 
Sand-sized limestone detritus 
Sand-sized limestone detritus
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APPENDIX 2
SAMPLES FROM THE RAI COAST COLLECTED IN MAY 1976
(R e fe r re d t o  i n  t h i s  t h e s i s )
F i e ld  No, A.N.U.  Number Type o:: Sample
Tewai R iv e r /
TR1-1 - W ater sam ple
TR1-2 - W ater sample.
TR1-13 - W ater sample.
TR1-17 34974 C a rb o n a te  mud sam ple
TR1-18 - W ater sam ple
TR1-20 34975 L im estone  g r a v e l
TR1-20A 34976 F in e  l im e s to n e  g r a v e l
TR1-20B 34977 C o a rse  l im e s to n e  g r a v e l
TR1-21A 34978 F in e  l im e s to n e  g r a v e l
TR1-21B 34979 C o arse  l im e s to n e  g r a v e l
TR1-22A 34980 F in e  l im e s to n e  g r a v e l
TR1.-22B 349 81 C o arse  l im e s to n e  g r a v e l
TR1-23A 34982 F in e  l im e s to n e  g r a v e l
TR1-23B 34983 C o arse  l im e s to n e  g r a v e l
TR1-24A 34984 F in e  l im e s to n e  g r a v e l
TR1-24B 349 85 C o arse  l im e s to n e  g r a v e l
TR1-30 - W ater sam ple
TR2-1 - W ater sam ple
TR2-2 - W ater sam ple
TR2-3 - W ater sam ple
TR2-4 -
*• 1 - .
W ater sam ple
TR2-7 34986 S a n d -s iz e d  l im e s to n e  d e t r i t u s
TR2-9 34987 F in e  l im e s to n e  g r a v e l
TR3-1 34988 F in e  l im e s to n e  g r a v e l
TR3-2 34989 C o arse  l im e s to n e  g r a v e l
TR4-1 34990 S a n d -s iz e d  l im e s to n e  d e t r i t u s
TR4-2 34991 F in e  l im e s to n e  g r a v e l
TR4-3 34992 C o a rse  l im e s to n e  g r a v e l
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Field No. A.N.U« Number Type of Sample
Wenga R iver
WR1-1 
WR1-2 
WRl-9 
WR1-10 
WR1-20 
WR2-1(A,B) 
WR2-2 
WR2-5
34993
34994
Water sample 
Water sample
Sand-sized limestone detritus 
Water sample 
Water sample 
Water sample.
Water sample
Sand-sized limestone detritus
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METHODOLOGY
The aim of this section is to describe the methods used in 
determining the parameters; of the calclithites from the Rai Coast.
1. The Topset Gravels (Section 3.4)
(a) Grain Size Analysis
A size analysis of the sand and silt fraction of a 
calclithite was done using standard seiving techniques (Folk 
1974). From this, weight percentages for each grain size 
could be determined (Table 12).
(b) Petrography
Thin sections of four calclithites speciments were made 
and these were examined and described (Section 3.4.3.2).
2. The Recent Gravels
(a) Grain Size Analysis (Section 3.5.2)
Due to the wide range in grain size of the limestone 
fragments, a variety of methods were used.
(i) The large boulders were measured with a tape measure.
(ii) The small boulders and cobbles were measured with
*
vernier calipers and rulers.
(iii) The grain size of the fine gravel, sand, silt and 
clay fraction was determined by standard sieving 
techniques (Folk 1974).
The large boulders were measured in situ in the Tewai 
and Wenga Rivers. The small boulders, cobbles and coarse gravel 
fractions were measured in situ on the flood benches. The fine 
gravel, sand silt and clay fractions were taken back to Canberra 
and measured in the laboratory at the A.N.U.
APPENDIX 3 (cont’d)
Partiete Morphology (Section 3.5.3)
1. Pebble Shape. The shape measurement of the lime­
stone pebbles from the Tewai River were based on the 
methods and classification developed by Sneed and Folk 
(1958), who produced a ’form triangle' based on the 
measurement of the three axis (long, intermediate and 
short axis) of the particular pebble. The four major 
’categories’ listed by Sneed and Folk (1958) were 
Elongate, Bladed, Platy, and Compact. Intermediate 
categories of pebble form could also be determined from 
the 'form triangle'.
2. Sphericity. The formulae used for the sphericity 
measurements of the limestone pebbles from the Tewai 
River is the one devised by Sneed and Folk (1958) which
^  = 3/s^/LI where L = longest axis, I = intermediate 
axis, S = short axis. This measure of sphericity takes 
into consideration the hydraulic behaviour of the particle 
and is probably the most realistic concept of sphericity. 
Sneed and Folk (1958) integrate this value of sphericity 
(^  ) (which they refer to as the Effective Settling 
Sphericity) in their form triangle).
3. Roundness. A number of formulae have been used to 
describe the roundness of a particular particle. For the 
roundness measurement of the limestone pebbles from the 
Tewai River, I decided to use both the Dobkins and Folk 
(1970) and the Swan (1974) formulae. The reason for this 
was to see if there was any significant difference between
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these two formulae, and if so, which was the better 
formula to use. I also decided to make visual observa­
tions of pebble roundless using the Power’s scale. The 
reason for this was to compare the roundness estimated 
visually with the measured roundness.
Dobkins and Folk (1970) introduced what they termed
as the Modified Wentworth Roundness (R where R . „wt wt D .
where = the diameter of curvature of the sharpest
Jk
corner and the diameter of largest inscribed circle. 
Swan (1974) used the formula Roundess (R) =
r l + r 2
where ri and r2 are the radii of curvature of the two 
sharpest corners and R. is the radius of the maximum 
inscribed sphere.
The measurement of the diameter and radius of the 
sharpest corners and largest inscribed circles was done 
by using the series of circles of varying diameters 
figured by Dobkins and Folk (1970).
Powers (1953) named and defined six grades of 
roundness from well-rounded to very angular in such a 
way that the class limits closely approximate a/2* 
geometric scale. Powers (1953) produced a series of
photographic charts of sand grains which clearly illus­
trate these six grades of roundness. Folk (1974) devised 
a logarithmic scale [based on the rho (p)] for the Powers 
scale. The limits of the very angular class are 0.0 to 
1.0, and the very round class are 5.0 to 6.0 on the
Folk scale.
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4. Oblateness/Prolateness. The obTate-prolate index of the
limestone pebbles from the Tewai River and the bench at the 
mouth of the Tewai River were measured using the formula of 
Dobbins and Folk (1970) viz., the Oblate - Prolate Index (OP) 
is equal to
OF 10
L-I
L-S 0.5
S/L
where L = long axis, I = intermediate axis, S = short axis.
(c) Scanning Electron Microscope (Section 3.5.4)
It was not possible to determine from a normal microscope study 
the nature of the carbonate mud, and it was decided to use a Scanning 
Electron Microscope (S.E.M.) for the study of the mud.
Samples of the carbonate mud were mounted with either double­
sided sellotape or with nail polish and were studied under a Stereoscan 
180 Scanning Electron Microscope.
(d) Elongation Function Analysis (Section 3.5.3)
Elongation function analyses of laminar samples from rheologic 
bed load deposits are described in detail by Moss (1952, 1953, 1958). 
The method used in the samples from the Rai Coast is to measure the 
individual grains from a disaggregated laminar sample by means of a
. .  -  V-
Nikon Zeiss overhead projector with the images of the individual grains 
measured from the projecting screen with a clear plastic ruler. 
Depending on the size of the samples, different magnification lenses 
could be used. Only the two dimensions ('long dimension (p) and the
The grains are spread out on a plane surface for measurement purposes .
.4
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’medium’ dimension (q)] were measured. The third dimension (r), 
the vertical dimension, was not measured. As Moss (1962) notes 
’... Almost always r is smaller than the corresponding values
of q . . . '
After the measurement of p and q for the particles in the 
sample, means of equal numbers of p/q values are found for 
successive small ranges of p. Thirty particles per mean were 
used in this sample. These mean values can then be plotted and 
the elongation function curve for the sample can be determined.
(e) Streamflow Measurements (Section 3.7.2)
The water velocity profile across the Tewai River was done using 
an Ott current meter. From the velocity measurement and the measurements 
of river width, river depth, water temperature and slope gradient, 
various streamflow parameters can be calculated.
(f) Hydrogeochemistry (Section 3.8)
Two series of water samples were collected. One series was 
analysed in the field at the recorded period of time after collection.
The other series was brought back to Canberra for cation analyses. A 
portable HACH Direct Reading Engineer’s Laboratory (DR-EL/2) with a 
built-in Spectrophotometer was used to analyse the series of water and 
samples in the field. These analyses were made by E. Anne Felton. The 
methods used in the analysis procedures are listed in Table 45. The 
cation analyses were determined by atomic absorption spectroscopy by 
Mr. D. Fitzsimmons at the Bureau of Mineral Resources, Canberra. The 
specific conductance was determined by the author using a conductivity 
meter in the Department of Chemistry, A.N.U.
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Water samples from three different localities on the Wenga 
River were also collected by K.A.W. Crook in August 1971. At each 
location two water samples were collected in half-litre plastic 
bottles and were subsequently brought back to Canberra. These were 
also analysed using the MACH DR-EL/2.
The value of Total Dissolved Solids (T.D.S.) was determined 
both by calculations from the concentrations of the various dissolved 
constituents and also by evaporating an aliquot of the water sample 
to dryness and weighing the residue.
